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FLUORESCIENCE-BASED APPROACH TO 
MONITOR RELEASE FACTOR-CATALYZED 
TERMINATION OF PROTEIN SYNTHESIS 

This application claims the benefit of and priority to U.S. 
provisional patent application Ser. No. 61/447,646 filed Feb. 
28, 2011, the disclosures of which is hereby incorporated by 
reference in its entirety for all purposes. 

All publications, patent applications, patents, and other 
references mentioned herein are incorporated by reference in 
their entireties to the same extent as if each was specifically 
and individually indicated to be incorporated by reference. 
The patent and scientific literature referred to establishes 
knowledge available to those skilled in the art. In the case of 
inconsistencies, the present disclosure will prevail. The 
disclosures of U.S. Pat. No. 7,297,532 and U.S. Pub. No. 
2004/0023256 are hereby incorporated by reference in their 
entireties. 

SEQUENCE LISTING 

The instant application contains a Sequence Listing which 
has been submitted in ASCII format via EFS-Web and is 
hereby incorporated by reference in its entirety. Said ASCII 
copy, created on Apr. 20, 2012, is named 19240837.txt and 
is 2,640 bytes in size. 

BACKGROUND OF THE INVENTION 

The mRNA quality-control mechanism known as non 
sense mediated mRNA decay (NMD) degrades mRNAs 
having one or more premature stop codons within intragenic 
regions. Genetic mutations introducing Such termination 
defects have been causally linked to a number of human 
genetic diseases, including Duchenne muscular dystrophy 
(caused by a premature stop codon mutation in the gene 
encoding dystrophin), nonsense mutation-mediated cystic 
fibrosis (caused by a premature stop codon mutation in the 
gene encoding the cystic fibrosis transmembrane conduc 
tance regulator), and numerous cancers. Of NMD-impli 
cated cancers, the most prominent is a widespread form of 
breast cancer that is caused by a premature stop codon in the 
BRCA1 or BRCA2 tumor suppressor gene. 

Previous small molecule based therapeutic efforts to 
inhibit termination events at premature stop codons have 
been limited by clinically significant side effects. Accord 
ingly, there is a need to design and develop broadly appli 
cable Small-molecule therapeutic agents capable of specifi 
cally interfering with the recognition of premature stop 
codons, while leaving eRF1-catalyzed termination at natu 
rally-occurring stop codons unperturbed. Such molecules 
can be used to abrogate the NMD pathway and rescue 
production of the protein encoded by the premature-stop 
codon-containing mRNA. The invention described herein 
addresses this need. 

SUMMARY OF THE INVENTION 

In one embodiment, the invention provides a probe com 
prising a class 1 release factor (RF) conjugated to a fluo 
rescent label. The fluorescent label can comprise, for 
example, a fluorescein, a rhodamine, a cyanine, a coumarin, 
or a derivative thereof. The class 1 RF can be selected from 
the group consisting of RF1, RF2, and eRF1. In preferred 
embodiments, the class 1 RF is conjugated to one fluorescent 
label or two fluorescent labels. The two fluorescent labels 
can be a donor-acceptor pair. The donor-acceptor pair is 
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2 
preferably selected from the group consisting of coumarin 
4/coumarin 343; 6-carboxyfluorescein/6-carboxy-X-rhod 
amine; 5,7-dimethyl-BODIPY75-(4-phenyl-1,3-butadienyl) 
BODIPY; and Cy3/Cy5. 

Also provided is a method of making a class 1 RF 
conjugated to one fluorescent label, the method comprising: 
identifying one or more phylogenetically-variable amino 
acids in a class 1 RF sequence; mapping the one or more 
phylogenetically-variable amino acids onto the three-dimen 
sional structures of class 1 RFs; removing all wild type 
cysteine residues; replacing one phyologenetically-variable 
amino acid in an inactive region of the class 1 RF with a 
cysteine residue, and conjugating the fluorescent label to the 
cysteine residue; thereby making a class 1 RF conjugated to 
one fluorescent label. 
The invention also provides a method of making a class 

1 RF conjugated to two fluorescent labels, the method 
comprising: identifying at least two phylogenetically-vari 
able amino acids in a class 1 RF sequence; mapping the 
phylogenetically-variable amino acids in the three-dimen 
sional structure of the class 1 RF; removing all wildtype 
cysteine residues; replacing each of two phyologenetically 
variable amino acids in an inactive region of the class 1 RF 
with a cysteine residue, and conjugating two fluorescent 
labels to the cysteine residues; thereby making a class 1 RF 
conjugated to two fluorescent labels. The two fluorescent 
labels can be a donor-acceptor pair. The method can further 
comprise the step of isolating class 1 RFs conjugated to a 
donor-acceptor pair, for example, by hydrophobic interac 
tion chromatography. 

Another aspect of the invention is a method of detecting 
a conformational change in a ribosome, the method com 
prising: providing a reaction mixture comprising an isolated, 
translationally-competent bacterial ribosome complex 
bound to a solid surface, wherein the ribosome complex 
comprises a first fluorescent label; adding to the reaction 
mixture a probe comprising a class 1 RF conjugated to a 
second fluorescent label, wherein the first fluorescent label 
and the second fluorescent label are a donor-acceptor pair; 
and measuring fluorescence resonance energy transfer 
(FRET) efficiency between the donor-acceptor pair; wherein 
a shift in FRET efficiency after adding the probe indicates a 
conformational change in the ribosome. In a preferred 
embodiment, solid surface is quartz. The first fluorescent 
label can be on a tRNA, an rRNA, an mRNA, or a ribosomal 
protein, which molecules can be directly labeled or indi 
rectly labeled. For example, the rRNA can be genetically 
modified to comprise a peptide binding site, and wherein a 
fluorescently labeled peptide is bound to the modified 
rRNA. The fluorescently labeled peptide is selected from the 
group consisting of BIV Tat and HIV Rev. In another 
embodiment, the rRNA can be genetically modified to 
comprise a silent hybridization sequence, and wherein a 
fluorescently labeled oligonucleotide is bound to the silent 
hybridization sequence. 
A further embodiment is a method of detecting a confor 

mational change in a class 1 RF, the method comprising: 
providing a reaction mixture comprising an isolated, trans 
lationally-competent bacterial ribosome complex bound to a 
Solid Surface; adding to the reaction mixture a probe com 
prising a class 1 RF conjugated to a donor-acceptor pair of 
fluorescent labels; and measuring fluorescence resonance 
energy transfer (FRET) efficiency between the donor-accep 
tor pair; wherein a shift in FRET efficiency after adding the 
probe indicates a conformational change in the class 1 RF. 
The donor-acceptor pair is preferably Cy3/Cy5. 
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Another aspect of the invention is a method of assaying 
RF3 activity, the method comprising: providing a reaction 
mixture comprising an isolated, translationally-competent 
bacterial ribosome complex bound to a solid Surface, 
wherein the ribosome complex comprises a first fluorescent 
label; adding to the reaction mixture a probe comprising a 
class 1 RF conjugated to a second fluorescent label, wherein 
the first fluorescent label and the second fluorescent label are 
a donor-acceptor pair, adding to the reaction mixture RF3; 
and measuring fluorescence resonance energy transfer 
(FRET) efficiency between the donor-acceptor pair; wherein 
a loss in FRET efficiency after adding the RF3 indicates RF3 
activity by indicating release of the class 1 RF from the 
ribosome complex. 

Another method of assaying RF3 activity comprises: 
providing a reaction mixture comprising an isolated, trans 
lationally-competent bacterial ribosome complex bound to a 
Solid Surface; adding to the reaction mixture a probe com 
prising a class 1 RF conjugated to a donor-acceptor pair of 
fluorescent labels; adding to the reaction mixture RF3; and 
measuring fluorescence resonance energy transfer (FRET) 
efficiency between the donor-acceptor pair by imaging the 
solid surface; wherein a loss in FRET efficiency after adding 
the RF3 indicates RF3 activity by indicating release of the 
class 1 RF from the ribosome complex. 
A further method of assaying RF3 activity comprises: 

providing a reaction mixture comprising an isolated, trans 
lationally-competent bacterial ribosome complex bound to a 
Solid Surface; adding to the reaction mixture a probe com 
prising a class 1 RF conjugated to a donor-acceptor pair of 
fluorescent labels; adding to the reaction mixture RF3; and 
measuring fluorescence resonance energy transfer (FRET) 
efficiency between the donor-acceptor pair by imagining the 
reaction mixture; wherein high FRET efficiency after adding 
the RF3 indicates RF3 activity by indicating release of the 
class 1 RF from the ribosome complex. 

Also provided is a method of identifying a compound for 
reducing nonsense-mediated decay of mRNA, the method 
comprising: providing a reaction mixture comprising an 
isolated, translationally-competent bacterial ribosome com 
plex bound to a solid surface, wherein the ribosome complex 
comprises a first fluorescent label, and wherein the reaction 
mixture comprises an mRNA comprising a premature stop 
codon; adding to the reaction mixture a candidate com 
pound; adding to the reaction mixture a probe comprising a 
class 1 RF conjugated to a second fluorescent label, wherein 
the first fluorescent label and the second fluorescent label are 
a donor-acceptor pair, and measuring fluorescence reso 
nance energy transfer (FRET) efficiency between the donor 
acceptor pair; wherein lack of FRET efficiency, low FRET 
efficiency, or transient FRET efficiency after adding the 
probe indicates that the candidate compound inhibits bind 
ing of the class 1 RF to the ribosome complex, thereby 
identifying a compound for reducing nonsense-mediated 
decay of mRNA. 

Another method of the invention is a method of identi 
fying a compound for inhibiting termination of protein 
synthesis at a premature stop codon, the method comprising: 
providing a reaction mixture comprising an isolated, trans 
lationally-competent bacterial ribosome complex bound to a 
Solid Surface, wherein the ribosome complex comprises a 
first fluorescent label, and wherein the reaction mixture 
comprises an mRNA comprising a premature stop codon; 
adding to the reaction mixture a candidate compound; 
adding to the reaction mixture a probe comprising a class 1 
RF conjugated to a second fluorescent label, wherein the first 
fluorescent label and the second fluorescent label are a 
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4 
donor-acceptor pair, and measuring fluorescence resonance 
energy transfer (FRET) efficiency between the donor-accep 
tor pair; wherein lack of FRET efficiency, low FRET effi 
ciency, or transient FRET efficiency after adding the probe 
indicates that the candidate compound inhibits binding of 
the class 1 RF to the ribosome complex, thereby identifying 
a compound for inhibiting termination of protein synthesis at 
a premature stop codon. 

Additionally provided is a method of identifying a com 
pound for reducing nonsense-mediated decay of mRNA, the 
method comprising: providing a reaction mixture compris 
ing an isolated, translationally-competent bacterial ribosome 
complex bound to a solid Surface, wherein the reaction 
mixture comprises an mRNA comprising a premature stop 
codon; adding to the reaction mixture a candidate com 
pound; adding to the reaction mixture a probe comprising a 
class 1 RF conjugated to a donor-acceptor pair of fluorescent 
labels; and measuring fluorescence resonance energy trans 
fer (FRET) efficiency between the donor-acceptor pair by 
imaging the reaction mixture; wherein high FRET efficiency 
after adding the probe indicates that the candidate compound 
inhibits binding of the class 1 RF to the ribosome complex, 
thereby identifying a compound for reducing nonsense 
mediated decay of mRNA. 
The invention also concerns a method of identifying a 

compound for reducing nonsense-mediated decay of 
mRNA, the method comprising: providing a reaction mix 
ture comprising an isolated, translationally-competent bac 
terial ribosome complex bound to a solid surface, wherein 
the reaction mixture comprises an mRNA comprising a 
premature stop codon; adding to the reaction mixture a 
candidate compound; adding to the reaction mixture a probe 
comprising a class 1 RF conjugated to a donor-acceptor pair 
of fluorescent labels; and measuring fluorescence resonance 
energy transfer (FRET) efficiency between the donor-accep 
tor pair by imaging the solid surface; wherein lack of FRET 
efficiency or transient FRET efficiency after adding the 
probe indicates that the candidate compound inhibits bind 
ing of the class 1 RF to the ribosome complex, thereby 
identifying a compound for reducing nonsense-mediated 
decay of mRNA. 

In another aspect, the invention provides a method of 
identifying a compound for inhibiting termination of protein 
synthesis at a premature stop codon, the method comprising: 
providing a reaction mixture comprising an isolated, trans 
lationally-competent bacterial ribosome complex bound to a 
Solid Surface, wherein the ribosome complex comprises a 
first fluorescent label, and wherein the reaction mixture 
comprises an mRNA comprising a premature stop codon; 
adding to the reaction mixture a candidate compound; 
adding to the reaction mixture a probe comprising a class 1 
RF conjugated to a donor-acceptor pair of fluorescent labels; 
and measuring fluorescence resonance energy transfer 
(FRET) efficiency between the donor-acceptor pair by imag 
ing the reaction mixture; wherein high FRET efficiency after 
adding the probe indicates that the candidate compound 
inhibits binding of the class 1 RF to the ribosome complex, 
thereby identifying a compound for inhibiting termination of 
protein synthesis at a premature stop codon. 
The invention also provides a method of identifying a 

compound for inhibiting termination of protein synthesis at 
a premature stop codon, the method comprising: providing 
a reaction mixture comprising an isolated, translationally 
competent bacterial ribosome complex bound to a solid 
Surface, wherein the ribosome complex comprises a first 
fluorescent label, and wherein the reaction mixture com 
prises an mRNA comprising a premature stop codon; adding 
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to the reaction mixture a candidate compound; adding to the 
reaction mixture a probe comprising a class 1 RF conjugated 
to a donor-acceptor pair of fluorescent labels; and measuring 
fluorescence resonance energy transfer (FRET) efficiency 
between the donor-acceptor pair by imaging the Solid Sur 
face; wherein lack of FRET efficiency or transient FRET 
efficiency after adding the probe indicates that the candidate 
compound inhibits binding of the class 1 RF to the ribosome 
complex, thereby identifying a compound for inhibiting 
termination of protein synthesis at a premature stop codon. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The patent or application as-filed contains at least one 
drawing executed in color. Copies of this patent or patent 
application publication with color drawing(s) will be pro 
vided by the United States Patent and Trademark Office 
upon request and payment of the necessary fee. 

FIG. 1 shows termination and recycling in prokaryotic 
cells. The fundamental steps of stop-codon recognition and 
polypeptide release by RF1/2 (FIG. 1A), RF3-catalyzed 
dissociation of RF1/2 (FIG. 1B), and ribosome recycling by 
RRF, EFG and IF3 (FIG. 1C). Figure adapted from Horton 
et al. 2006. 

FIG. 2 shows experimental model and reaction schemes 
for termination and recycling. FIG. 2A: smERET signal 
between P-site (Cy3)tRNA" and L1 (Cy5) demonstrated 
that during elongation, ribosomes exist in two global con 
formations: Global state 1 (GS1), encompassing a non 
ratcheted ribosome, an open L1 stalk, and tRNAs bound in 
classical configurations; and global state 2 (GS2), encom 
passing a ratcheted ribosome, a closed L1 stalk, and tRNAs 
bound in hybrid configurations (Fei et al. 2008). FRET 
values for GS1 and GS2 are shown. FIG. 2B: Mechanistic 
model for termination. FIG. 2C: Mechanistic model for 
ribosome recycling. Later steps of recycling involving IF3 
are not depicted. FIG. 2D: Cartoon diagrams of release 
complexes 1 (RC1) and 2 (RC2). Cartoon representations 
are defined in the legend. 

FIG. 3 shows a mechanistic model for regulation of the 
GS1 (SGS2 dynamic equilibrium by Release Factor 1 (RF1), 
RF3, and Ribosome Recycling Factor (RRF). FIG. 3A: A 
post-hydrolysis release complex (RC) fluctuates stochasti 
cally between GS1 and GS2. FIG. 3B: RF1 specifically 
binds GS1 and prevents GS1->GS2 transitions of the RC, 
even after deacylation of P-site tRNA. FIG. 3C: RF3(GDP) 
initially interacts with an RF1-bound RC locked in GS1. 
GS1->GS2 transitions are suppressed until nucleotide-free 
RF3 binds GTP, which stabilizes the RC in GS2 and 
prevents GS2->GS1 transitions prior to GTP hydrolysis. 
FIG. 3D: A post-termination complex (PoTC), the natural 
substrate for RRF, fluctuates stochastically between GS1 
and GS2. At concentrations near Kos. RRF preferentially 
binds GS2 and competes directly with the GS2->GS1 tran 
sition. At high RRF concentrations above Kos, RRF can 
also bind GS1 and actively promote the GS1->GS2 transi 
tion. Cartoon representations are shown as in FIG. 2. 

FIG. 4 shows purification of RFs & RRF and fluorescent 
labeling of RF1. FIG. 4A: SDS-PAGE analysis of wild-type 
RF1, RF3, RRF, and RF1Ad1-cellular lysate after induced 
overexpression with 1 mM IPTG (lane 1), purified hexahis 
tidine-tagged protein (hexahistidine disclosed as SEQ ID 
NO: 9) after one round of Ni2+-NTA chromatography (lane 
2), and final protein preparations after affinity tag cleavage 
with TEV protease (lane 3). Overexpressed bands are boxed 
in red, and the asterisks in lane 1 for RF1 and RF1Ad1 
denote the co-overexpressed methyltransferase (PrmC 
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6 
gene). FIG. 4B: Gel filtration analysis of Cy5 labeling of 
single-cysteine S167C RF1 (top) and cysteine-free RF1 
(bottom). Only RF1 with an available cysteine residue is 
efficiently labeled. FIG. 4C: Separation of RF1 (Cy5) from 
unlabeled RF1. Taking advantage of the added hydropho 
bicity from the Cy5 fluorophore, 100% homogenously 
labeled RF1 (Cy5) was purified away from unlabeled protein 
by injecting protein fractions from the previous gel filtration 
run onto a TSKgel Phenyl-5PW hydrophobic interaction 
column. RF1Ad1 (Cy5) was prepared in the same manner as 
RF1 (Cy5). 

FIG. 5 shows relative distances between Psite (Cy3)tRNA 
and (Cy5)RF1 variants. Distances between P-site tRNA 
(left) and RF1 (right) are based on a low resolution structure 
of RF1 bound to the A site of a RC (Petry et al. 2005); the 
ribosome has been omitted for clarity. The relative distances 
between the Cy3 label on the P-site tRNA (green sphere) and 
each of the three single-Cy5 labeled RF1s (red spheres) are 
denoted. The two positions that have been constructed as a 
doubly-labeled RF1 mutant are denoted by a green sphere at 
S229C and a red sphere at S167C. 

FIG. 6 shows a bulk biochemical assay for RF1 function. 
Ribosomal TCs carrying a 14C-labeled dipeptide (~50 
nM) and either buffer, puromycin or RF1 (at indicated 
concentrations) were reacted at 37° C. for 1 minute. An 
equal volume of 25% formic acid was added to each reaction 
to precipitate ribosomes, and after a 30 minute centrifuga 
tion step, the radioactivity in both the Supernatant and pellet 
was quantified using Scintillation counting. The fmol of 
14C-labeled dipeptide released into the supernatant in each 
reaction is depicted in the bar graph. 

FIG. 7 shows a RF1 activity assay. RCs (-58 nM) 
carrying a stop codon (UAA) at the A site and fMet-C 
Phe-tRNA in the Psite were reacted with puromycin (100 
uM) or the RF1 construct shown (100 nM) for 1 minute at 
37° C. No RF1-catalyzed peptide release was detected in 
identical experiments using a RC with a sense codon (AAA) 
at the A site. Error bars represent the standard deviation from 
three independent experiments. 

FIG. 8 shows a RF3 activity assay. RCs (-58 nM) 
carrying a stop codon (UAA) at the A site and fMet-''C 
Phe-tRNA* in the P site were reacted with substoichio 
metric wild-type RF1 (5 nM) and, when present, RF3 (200 
nM) and the nucleotide shown (0.2 mM) for 10 minutes at 
37° C. The nucleotide dependency of RF3-catalyzed RF1 
recycling is consistent with previous results (Zavialov et al. 
2001). Error bars represent the standard deviation from three 
independent experiments. 

FIG. 9 shows a RRF activity assay. Tightly-coupled 70S 
ribosomes (0.2 uM) (alone or with 0.5 mM GTP) and the 
proteins shown (IF3=5 uM, EF-G-20 uM, RRF=20 
uM) were incubated for 20 minutes at 37°C. in Tris-polymix 
buffer, 6 mM Mg(OAc). Reactions were loaded onto 
Sucrose gradients and analyzed them as described herein. 
Sedimentation is from left to right, and peaks for 30S, 50S, 
and 70S ribosomes are indicated. Each experiment was 
performed at least twice. Data from representative sucrose 
gradients are shown. 

FIG. 10 shows an experimental system. FIG. 10A: Fluo 
rescently-labeled translation complexes are immobilized 
onto the surface of the flow cell via a biotin-streptavidin 
biotin interaction that links the mRNA to the surface of a 
quartz microscope slide. FIG. 10B: Time-resolved fluores 
cence intensities are recorded using a lab-built total internal 
reflection fluorescence microscope capable of simultane 
ously recording single-fluorophore emission from approxi 
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mately two hundred spatially localized single translation 
complexes at a real-time resolution of up to 20 m sec/frame. 

FIG. 11 shows steady-state smFRET between P-site (Cy3) 
tRNAPhe and three (Cy5)RF1 variants bound at the A site of 
a RC. Plots of Cy3 and Cy5 emission intensities vs. time are 
shown in green and red, respectively (first row), and their 
corresponding SmFREToscarcs versus time traces are 
shown in blue (second row). Contour plots of the time 
evolution of population FRET are generated by superim 
posing the individual smFRET time traces (fourth row) and 
are plotted from tan (lowest population) to red (highest 
population). "N' indicates the number of traces that were 
used to construct each contour plot. (FIG. 11A) S167C, 
(FIG. 11B) S192C, (FIG. 11C) C257 (Cy5)RF1 variants. 
(FIGS. 11D-11F) Same as (FIG. 11A-11C), except in the 
presence of 100 uM paromomycin. 

FIG. 12 shows steady-state intramolecular smFRET for 
free RF1. Representation of RF1 transitioning between the 
closed and open conformational states showing the approxi 
mate position of the fluorophores (Cy3 as a green star and 
Cy5 as a red star) (first row). The second-fourth rows are 
plotted as in FIG. 13. 

FIG. 13 shows that RF1 binds stably to a RC and prevents 
tRNA fluctuations. RC1 in the presence of 5 nM RF1 (Cy5). 
A cartoon representation of RF1 (Cy5) bound to RC1 is 
shown (first row). Representative Cy3 and Cy5 emission 
intensities are shown in green and red, respectively (second 
row). The corresponding SmFRET trace, Ics/(ICs+Ics), is 
shown in blue (third row). Contour plots of the time evo 
lution of population FRET (fourth row) are generated by 
superimposing the first three seconds of individual smERET 
time trajectories, binning the data into 20 FRET bins and 30 
time bins, normalizing the resulting data to the most popu 
lated bin in the plot, and Scaling the Z-axis as shown in the 
color bar. “N' indicates the number of traces making up the 
contour plot. 

FIG. 14 shows an analysis of photobleaching rate for 
SmFRET1-A signal. Data was recorded using 532 nm. 
laser excitation powers of 24 mW (red), 12 mW (green), or 
24 mW chopped laser pulses which illuminated the sample 
for 50 ms every 250 ms (blue). After manually determining 
the length of every smERET trajectory before photobleach 
ing of either Cy3 or Cy5, one-dimensional histograms of 
trajectory length were plotted. Because all analyzed 
smFRET trajectories were required to last longer than 10 
frames, the first 10 frames of data from the histograms were 
removed before fitting the data to single exponential decays 
(black lines) of the form Axexp-(X-X/t)+y, with X manu 
ally set to 0.55 seconds (24 mW and 12 mW) or 2.68 seconds 
(24 mW with laser chopping). The following parameters 
were obtained: yo 0.0097, A=1.061, t—5.51+0.02 s (24 mW. 
red): yo -0.001, A=1.005, T-11.22+0.05 s (12 mW, green): 
and yo-0.0063, A=1.032, T-19.46+0.07 s (24 mW with laser 
chopping, blue). Taking the inverse of each lifetime yielded 
the following rates for the loss of fluorescence signal: 
0.1814+0.0008 s', 0.0892+0.0004 s, and 0.0514+0.0002 
s', respectively. The R of all fits was greater than 0.99. The 
dependence of the rate of loss of the fluorescence signal on 
laser excitation power and excitation time demonstrates that 
loss of fluorescence is due to photobleaching rather than 
dissociation of RF1 (Cy5) from RC1. 

FIG. 15 shows a summary of smFRET data analysis. FIG. 
15A shows smFRET plotted against time trajectory. FIG. 
15B shows time evolution of population FRET. FIG. 15C 
shows a Markoc chain model as FRET plotted against time. 
FIG. 15D shows dwell time histograms. 
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8 
FIG. 16 shows steady-state smFRET between L1 (Cy5) 

ribosomes and deacylated P-site (Cy3)tRNAPhe. Cartoon 
representations of the RC depict the 30S and 50S subunits in 
tan and lavender, respectively, with the L1 stalk in dark blue, 
deacylated P-site tRNA as a brown line, RF1 and RF3 in 
light blue, and the Cy3 and Cy5 fluorophores as green and 
red stars, respectively (first row). The second through fourth 
rows are plotted as in FIG. 13. FIG. 16A shows puromycin 
reacted RC. FIG. 16B shows binding of RF1 to puromycin 
reacted RC. FIG. 16C shows binding of RF3(GDPNP) to 
puromycin-reacted RC. 

FIG. 17 shows that RF1 blocks GS1->GS2 transitions and 
Stabilizes GS1. FIG. 17A: RC2: lowered FRET values for 
GS1 and GS2 herein obscure the previously described 
broadened width of the FRET distribution caused by con 
formational heterogeneity of the L1 stalk in a post-translo 
cation complex (Cornish et al. 2009; Fei et al. 2008). FIG. 
17B: RC2 in the presence of 1 M RF1. FIG. 17C: RC2. 
63% of smFRET vs. time trajectories fluctuate between 0.16 
and 0.76 FRET. 24% remain stably centered at 0.16 FRET. 
and represent RCs that either failed to undergo the puromy 
cin reaction or photobleached prior to undergoing the first 
GS1->GS2 transition. 13% sample only 0.76 FRET, and 
represent RCs whose fluorophore(s) photobleached prior to 
undergoing a GS2->GS1 transition. FIG. 17D: RC2, in 
the presence of 1 uM RF1.85% of trajectories remain stably 
centered at 0.16 FRET. corresponding to RF1-bound RCs. 
9% fluctuate between 0.16 and 0.76 FRET, and represent 
RCs to which RF1 did not bind or dissociated from tran 
siently. 6% sample only 0.76 FRET, and represent RCs to 
which RF1 did not bind and which failed to undergo a 
GS2->GS1 transition prior to fluorophore photobleaching. 
Data in all panels are displayed as in FIG. 13. 

FIG. 18 shows representative kinetic analysis of RC2, 
FIG. 18A: Using the HaMMy software suite (McKinney et 
al. 2006), raw smFRET data (blue) were converted into 
idealized smERET data (red) with hidden Markov modeling. 
A representative smERET trajectory is shown. FIG. 18B: A 
transition density plot was generated by plotting the "Start 
ing FRET' vs. "Ending FRET' for each transition in a given 
dataset as contour plots of two-dimensional population 
histograms. Contours are shown from tan (lowest popula 
tion) to red (highest population), with “A” indicating the 
number of transitions. FIG. 18C. One-dimensional smERET 
histograms (red bars) were generated from the first 0.5 
seconds of all traces. Thresholds for the 0.16 (0.10-0.22) and 
0.76 (0.70-0.85) FRET states were defined by the full width 
at half height of each Gaussian fit (black line). FIGS. 18D, 
18E: Population histograms of dwell time spent in the 0.16 
(FIG. 18D) and 0.76 (FIG. 18E) FRET states (red bars) are 
well described by single exponential decays (black lines) of 
the form Axexp-(X/t)+yo. The following parameters from 
these two representative fits were obtained: yo 4.5, A=703, 
t=1.79-0.01 s (0.16 FRET state) and yo-8.0, A=755, 
t=0.615+0.009 s (0.76 FRET state), yielding kiss= 
0.492+0.003 s and kiss=1.32+0.02 s after correct 
ing for photobleaching rates and the length of observation 
time. The R of both fits was greater than 0.99. The final 
values of kos, -os. 0.52+0.03 s and kos2 -os 
1.36+0.03 s are the averages and standard deviations of 
three independently recorded and equivalently analyzed 
datasets. 

FIG. 19 shows that RF1 domain 1 is dispensable for 
RF1-mediated blocking of GS1->GS2 transitions. FIG. 
19A: RC1 in the presence of 5 nM RF1Ad1(Cy5). FIG. 19B: 
RC2 in the presence of 1 uM RF1Ad1.94% of trajectories 
remain stably centered at 0.16 FRET. 6% fluctuate between 
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0.16 and 0.76 FRET. FIG. 19C: RC2 in the presence of 
1 uMRF1Ad1.86% of trajectories remain stably centered at 
0.16 FRET. 10% fluctuate between 0.16 and 0.76 FRET.4% 
sample only 0.76 FRET. Data in all panels are displayed as 
in FIG. 13. 

FIG. 20 shows that RF3(GDP) interacts with an RF1 
bound ribosome locked in GS1, and binding of GTP to 
RC-bound RF3 enables the GS1->GS2 transition. FIG. 20A: 
RC2 in the presence of 1 uM RF3(GDPNP) (GDPNP is 
denoted as an orange hexagon). 73% of trajectories remain 
stably centered at 0.76 FRET, corresponding to RF3(GD 
PNP)-bound RCs. 5% sample only 0.16 FRET; 22% fluc 
tuate between 0.16 and 0.76 FRET. The latter two subpopu 
lations represent RCs that either failed to undergo the 
puromycin reaction or were photobleached prior to under 
going the first GS1->GS2 transition, or that did not bind 
RF3(GDPNP) and therefore spontaneously fluctuate 
between GS1 and GS2. This conclusion is confirmed by 
results from an RF3(GDPNP) titration (FIG. 21). FIG. 20B: 
RC2 in the presence of 1 uM RF1 and RF3(GDP).98% 
of trajectories remain stably centered at 0.16 FRET. 2% 
fluctuate between 0.16 and 0.76 FRET. FIG.20C: RC2 in 
the presence of 1 uM RF1 and nucleotide-free RF3.99% of 
trajectories remain stably centered at 0.16 FRET. 1% fluc 
tuate between 0.16 and 0.76 FRET. FIG.20D: RC2 in the 
presence of 1 uM RF1, RF3(GDP) and 1 mM GTP. Only 
those trajectories exhibiting fluctuations between GS1 and 
GS2 (42%) make up the time-synchronized contour plot 
(fourth row), generated by post-synchronizing the onset of 
the first GS1->GS2 event in each trajectory to time=0.5 
seconds. The remaining 58% of trajectories remain stably 
centered at 0.16 FRET. Data in all panels are displayed as in 
FIG. 13. 

FIG. 21 shows subpopulation analysis of RC2+RF3 
(GDPNP) titration. Data from RC2, alone or RC2, was 
collected in the presence of 1 mM GDPNP and the concen 
tration of RF3 shown, and grouped resulting smFRET 
trajectories into one of three subpopulations: stable 0.76 
FRET (GS2: dark blue), stable 0.16 FRET (GS1; medium 
blue), or fluctuating trajectories showing transitions between 
0.76 and 0.16 FRET (light blue). As RF3 concentration 
increases, the relative occupancy of the fluctuating Subpopu 
lation decreases as progressively more trajectories exhibit 
stable 0.76 FRET, corresponding to RF3(GDPNP)-bound 
RCs. Error bars represent the standard deviation from mul 
tiple datasets (0 nM RF3) or after splitting each dataset into 
three equal parts and analyzing Subpopulations for each part 
separately. 
FIG.22 shows kinetic analysis of kiss for RC2+ 

RF3(GDP)+GTP. The dataset was split into three equal 
parts, and independently fit one-dimensional histograms of 
time spent in GS2 for each third of the dataset with a 
single-exponential decay (black line) of the form Axexp 
(X/t)+yo. The following parameters were obtained from a 
representative third: yo–2.1, A=87, T-0.249+0.005 s 
(R-0.99), yielding kiss=3.71+0.08 s' after correct 
ing for photobleaching rate and the length of observation 
time. The final value of kos, cis-3.7+0.6 s is the average 
and standard deviation of independent fitting and analysis of 
each third of the dataset. 

FIG. 23 shows that RRF preferentially binds GS2 and 
competes with GS2->GS1 transitions within a fluctuating 
PoTC. FIG. 23A: RC2 in the presence of 1 M RRF.70% 
of trajectories fluctuate between 0.16 and 0.76 FRET. 23% 
remain stably centered at 0.76 FRET. 7% sample only 0.16 
FRET. For RC2 data analyzed similarly, 76% fluctuate Arra 
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0.76 FRET. 6% sample only 0.16 FRET. The slight differ 
ences between these RC2, Subpopulations and those 
reported in FIG. 17C arise from automated, rather than 
manual, detection of strongly anti-correlated Cy3 and Cy5 
intensity traces. Data are displayed as in FIG. 13. FIG. 23B: 
GS2/GS1 peak area ratio (K) as a function of RRF 
concentration. The data was fit according to the equation in 
the text (red line), yielding the following parameters: 
C=0.6+0.1, Kis-12+2 uM and Kis-O.9+0.3 uM 
(R-0.99). FIG. 23C: kosos and kos2 -os, as a function 
of RRF concentration. Error bars represent the standard 
deviation from at least three independent experiments. 

FIG. 24 shows one-dimensional smFRET histograms of 
RC2+RRF titration. Data from RC2, alone or RC2 
were collected in the presence of the concentration of RRF 
shown. One-dimensional histograms (red bars) were gener 
ated using the first 10 frames of resulting smFRET data. Fits 
of the two Gaussian distributions in each histogram (black 
lines) yield population information for GS1 (0.16 FRET) 
and GS2 (0.76 FRET), and the GS2/GS1 peak area ratio 
defines the equilibrium constant (K) governing the 
GS1 (SGS2 equilibrium at every RRF concentration. 

FIG. 25 shows the smFRET signal for Cy3tRNA at the P 
site and Cy5 192RF1 at the A site for use in monitoring stable 
or transient interaction of RF1 to the release complex (RC). 

FIG. 26 shows the location of the uniquely engineered 
Cys in the RF1. 

FIG. 27 shows the SDS-PAGE profile of various double 
Cys mutants of RF1. 

FIG. 28 shows the preparation of doubly-labeled Cy3/ 
Cy5-RF1. 

FIG. 29 shows the specificity of various double Cys 
mutants of RF1 in releasing dipeptide at the authentic stop 
codons. 

FIG. 30 shows the smFRET trajectory of 192/256-Cy3/ 
Cy5 RF1, alone and bound to the RC. 

FIG. 31 shows the smFRET trajectory of 141/256-Cy3/ 
Cy5 RF1, alone and bound to the RC. 

FIG. 32 shows the smFRET trajectory of 328/256-Cy3/ 
Cy5 RF1, alone and bound to the RC. 

FIG. 33 shows the smFRET trajectory of 167/328-Cy3/ 
Cy5 RF1, alone and bound to the RC. 

FIG. 34 shows the smFRET trajectory of 192/254-Cy3/ 
Cy5 RF1, alone and bound to the RC. 

FIG. 35 shows the smFRET trajectory of 1677192-Cy3/ 
Cy5 RF1, alone and bound to the RC. 

Arra Arra 

DETAILED DESCRIPTION OF THE 
INVENTION 

The use of a purified, in vitro, Escherichia coli-based 
system for examining ribosome-catalyzed protein synthesis 
has previously been described. (See U.S. Pat. No. 7,297.532 
and U.S. Pub. No. 2004/0023256.) The invention relates to 
a system and methods for measuring ribosomal dynamics 
during the termination reaction of protein synthesis. The 
present invention also relates to site specific labeling of 
ribosomes, tRNAs, and translation factors. The ability to 
immobilize the ribosomal complex and to detect single 
molecules provides unique insight into the termination of 
protein synthesis. 

Using the methods of the invention, it is possible to 
examine the mechanism of class 1 RF interaction with the 
ribosome and high fidelity of stop codon recognition before, 
during, and after polypeptide hydrolysis. The methods 
described herein are also useful for examining the mode of 
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action of inhibitors of translation termination. Some meth 
ods are particularly adapted for studying class 1 RF-cata 
lyzed translation termination. 

In one aspect, the invention provides methods for labeling 
one or more translation RFs with one or more fluorescent 
probes, such that the labeled RF retains an activity that is 
about the same as an unlabelled RF. Such labeled RFs can 
be used to measure translation termination according to the 
methods described herein. In a particular aspect, the inven 
tion relates to the use of fluorescently-labeled Release Factor 
1 (RF1) constructs to probe RF1 conformational dynamics 
and Substrate selection, using single-molecule fluorescence 
microscopy, preferably single molecule Förster (or fluores 
cence) resonance energy transfer (SmFRET). 

For example, the invention provides methods for measur 
ing smFRET signals between RF1-tRNA and ribosome 
tRNA, an intramolecular smFRET signal for RF1. Measure 
ment of SmFRET11, and optionally, SmFRET1 
signals, can be used to determine how RF1, RF3, and RRF 
influence and regulate the GS1/GS2 equilibrium within the 
Escherichia coli ribosome. The smFRET measurements can 
be performed at a timescale corresponding to conforma 
tional changes that occur during translation termination and 
ribosome recycling. 

Because the signal measured can be a fluorescence signal, 
the methods described herein can be used to obtain high 
sensitivity readings. The methods can be performed using 
Small amounts of material, and can be easily used for 
high-throughput Screens. 

These methods and system are suitable for use in identi 
fying compounds capable of inhibiting protein synthesis 
termination, particularly at one or more premature stop 
codons. For example, the methods for measuring ribosomal 
dynamics can be adapted to serve as a high-throughput 
platform for characterizing the efficacy of pharmacological 
drugs/agents designed to inhibit or perturb the termination 
reaction. Such methods can comprise monitoring fluores 
cently-labeled class 1 RF reporters as described herein. In 
Some embodiments, the described methods can be used in a 
high-throughput manner to screen compounds capable of 
inhibiting peptide hydrolysis by class 1 RF. 
Definitions 
The singular forms “a,” “an,” and “the include plural 

references unless the content clearly dictates otherwise. 
A “class 1 release factor” includes prokaryotic RF1 and 

RF2 (RF1/2) and eukaryotic RF1 (eRF1). 
A“fluorescent label' is a small molecule, such as a dye or 

peptide, that comprises a fluorophore. Examples of fluores 
cent labels suitable for use in the invention include, but are 
not limited to, fluorescein, rhodamine; cyanine; coumarin, 
and derivatives thereof. 

Derivatives of fluorescein include, for example, fluores 
cein isothiocyanate (FITC). NHS-fluorescein, 5-carboxy 
fluorescein, 6-carboxyfluorescein, carboxy-naphthofluores 
cein, 5-maleimido-fluorescein, 5-iodoacetamidofluorescein, 
Oregon Green, Tokyo Green, DyLight 488, carboxy tetra 
chloro fluorescein (TET), NHS-fluorescein, 5 and/or 6-car 
boxy fluorescein (FAM), carboxyfluorescein succinimidyl 
ester, 5-(or 6-) iodoacetamidofluorescein, and 5-2(and 
3)-5-(Acetylmercapto)-succinyl)aminofluorescein 
(SAMSA-fluorescein). 

Derivatives of rhodamine include, for example, sulforho 
damine, tetramethylrhodamine (TMR), octadecylrhod 
amine, Lissamine rhodamine B Sulfonyl chloride, Texas red 
sulfonyl chloride, 5- and/or 6-carboxy rhodamine (ROX). 

Derivatives of cyanine include, for example, 1,1'-diocta 
decyl-3-3,3,3',3'-tetramethyl-indocarbocyanine, 3,3'-ditetra 
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12 
decyloxacarbocyanine, carboxymethylindocyanine-N-hy 
droxysuccinimidyl ester, 3.3()-diethyloxadicarbocyanine 
iodide (DODCI), merocyanine 540 (MC 540), and the Cy 
dyes, such as Cy3 and Cy5. 

Derivatives of couramin include, for example, (7-(dim 
ethylamino)coumarin-4-yl)-acetyl, 7-amino-methyl-cou 
marin, 7-Amino-4-methylcoumarin-3-acetic acid (AMCA), 
3(4-isothiocyanatophenyl)7-diethyl-4-amino-4-methylcou 
marin, and 7-diethylamino-3-(4-maleimidylphenyl)-4- 
methylcoumarin. 

Other dyes that can be useful in the invention include 
2-anthracence N-acetylimidazole; B-phycoerythrin: 4-dim 
ethylaminophenylaZo-phenyl-4'-maleimide; dansylaziri 
dine, N-(4-dimethylamino-3,5-dinitrophenyl)maleimide: 
dimethylamino-4-maleimidostilbene; N-(2,5'-dimethoxysti 
ben-4-yl)-maleimide; 2,4-dinitrophenyl: 1...N.Sup.6-etheno 
adenosine; 5-(iodoacetetamido)eosin; eosin-5-isothiocya 
nate; eosin N-acETYLIMIDAZOLE, eosin maleimide; 
erythrosin-5'-isothiocyanate; eosin thiosemicarazide, 1,5-di 
fluoro-2,4'-dinitrobenzene: 4,4'-difluoro-3,3'-dinitrophenyl 
sulfone; fluorescein thiosemicarbazide: 2-(4-iodoacet 
amido)anilino)napthalene-6-sulfonic acid; 5-(2- 
((iodoacetyl)amino)ethyl)amino)-napthlene-1-sulfonic acid; 
N-((2-(iodoacetoxy)ethyl)-N-methyl)amino-7-nitrobenz-2- 
oxa-1,3-diaz-ole, 4-(iodoacetamido)Salicylic acid; lissamin 
erhodamine; Lucifer yellow; monobromobiamane; MNA, 
(2-methoxy-1-naphthyl)-methyl 2-napthoxyacetic acid; 
7-nirto-2,1,3-benzoxadiazol-4-yl; N-cyclohexyl-N'-(1-pyre 
nyl)carbodiimide: PM, N-(1-pyrene)-maleimide; trinitrop 
henyl; Texas Red and derivatives thereof. Alexa Fluor R 
dyes, commercially available from Molecular Probes 
(Eugene, Oreg.) can be used, for example, Alexa Fluor R 
350, Alexa Fluorr)-430, Alexa Fluor R-488, Alexa Fluorr)- 
532, Alexa Fluorr)-546, Alexa Fluor R-568, Alexa Fluorr)- 
594, Alexa Fluorr)-633, Alexa Fluor R-647, Alexa Fluorr)- 
660 and Alexa Fluor R-680. Other fluorophores suitable for 
use with the methods described herein are known to those of 
skill in the art. For a general listing of useful fluorophores, 
see Hermanson, G. T., Bioconjugate Techniques (Academic 
Press, San Diego, 1996). 
A "donor-acceptor pair is a pair of fluorescent molecules 

suitable for FRET. One molecule contains a donor fluoro 
phore and the other molecule contains an acceptor fluoro 
phore. The donor, in its electronic excited State, can transfer 
energy to the acceptor when the two are in close proximity, 
typically less than about 10 nm. The transfer of energy 
occurs through non-radiative dipole-dipole coupling. 
Examples of donor-acceptor pairs include coumarin 4/cou 
marin 343; 6-carboxyfluorescein/6-carboxy-X-rhodamine; 
5,7-dimethyl-BODIPY75-(4-phenyl-1,3-butadienyl)BO 
DIPY; and Cy3/Cy5. 
An “inactive region' of a protein is one that is not 

essential to the protein's structure or function. Regions that 
can be essential can include a binding domain, a regulatory 
domain, a catalytic domain, a recognition domain, etc. 
Amino acid Substitutions in an inactive region of a protein 
do not affect the protein's biological activity. Inactive 
regions can be identified by one of ordinary skill in the art 
without undue experimentation by performing, for example, 
routine point mutation studies on proteins of interest. 
The term “conformational change” refers to the physical 

transition in shape of a macromolecule or macromolecular 
complex in response to environmental factors. Such envi 
ronmental factors can include changes in ligand binding or 
release, pH, temperature, ion concentration. A conforma 
tional change in RF1 refers to the transition between the 
“open’ and the “closed” states of RF1. See FIG. 12. A 
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conformational change in a ribosome refers to changes in the 
positions of ribosomal complex components in relation to 
one another. For example, a conformational change in a 
ribosome includes the movements of tRNAs from their 
classical to their hybrid ribosome binding configurations, 
movement of the ribosomal L1 stalk from an open to a 
closed conformation, and the counterclockwise rotation, or 
ratcheting, of the small (30S) ribosomal subunit relative to 
the large (50S) subunit. 

For the purposes of the present invention, ribosomes may 
be prokaryotic or eukaryotic. The term “ribosome complex' 
is used herein to refer to a ribosome in association with one 
or more biomolecules associated with translation, including, 
without limitation, mRNA, tRNAs, nascent polypeptide, 
elongation and initiation factors. 

Ribosomes are ribonucleoprotein particles that perform 
protein synthesis using a messenger RNA template. The 
ribosome, a 70S particle in prokaryotes, is composed of two 
sub-units. The small subunit (30S) mediates proper pairing 
between transfer RNA (tRNA) adaptors and the messenger 
RNA, whereas the large subunit (50S) orients the 3 ends of 
the aminoacyl (A-site) and peptidyl (P-site) tRNAs and 
catalyzes peptide bond formation. The ribosome translocates 
directionally along mRNA in 3 nucleotide steps to read the 
sequential codons. 
As used herein, “translational competence' is the ability 

of a ribosome to catalyze at least one peptide bond formation 
where the tRNA and mRNA template are properly paired, 
and may include the ability to catalyze translation of a 
complete mRNA into the appropriate protein. 
By “solid surface.” “solid substrate' or “solid support” is 

meant any surface to which the ribosome or ribosome 
complexes are attached. Where the ribosome is to be fluo 
rescently labeled, a preferred substrate is quartz. Other solid 
Supports include glass, fused silica, acrylamide; plastics, e.g. 
polytetrafluoroethylene, polypropylene, polystyrene, poly 
carbonate, and blends thereof, and the like; metals, e.g. gold, 
platinum, silver, and the like; etc. The Substrates can take a 
variety of configurations, including planar Surfaces, beads, 
particles, dipsticks, sheets, rods, etc. 

In one embodiment, the Substrate comprises a planar 
Surface, and ribosomes or ribosome complexes are attached 
to the Surface, e.g. in a Solid or uniform pattern, or in an 
array in a plurality of spots. The density of attached particles 
on the substrate will be such that a signal from a label can 
be detected. Where the complexes are spotted on the array, 
the spots can be arranged in any convenient pattern across or 
over the Surface of the Support, Such as in rows and columns 
So as to form a grid, in a circular pattern, and the like, where 
generally the pattern of spots will be present in the form of 
a grid across the Surface of the solid Support. The total 
number of spots on the Substrate will vary depending on the 
sample to be analyzed, as well as the number of control 
spots, calibrating spots and the like, as may be desired. 

In another embodiment, the substrate is a collection of 
physically discrete Solid Substrates, e.g. a collection of 
beads, individual strands of fiber optic cable, and the like. 
Each discrete substrate can have complexes distributed 
across the Surface or attached in one or more probe spots on 
the substrate. The collection of physically separable discrete 
Substrates may be arranged in a predetermined pattern or 
may be separated in a series of physically discrete containers 
(e.g., wells of a multi-well plate). 
Ribosome Attachment to Substrate 

Translationally competent ribosomes or ribosome com 
plexes are attached to a solid Surface at a specific attachment 
site, where the attachment site is one of a specific binding 
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pair. In one embodiment, the attachment site is other than the 
nascent polypeptide component that is being translated. The 
attachment site may be naturally occurring, or may be 
introduced through genetic engineering. Pre-formed ribo 
Some complexes can be attached to the Surface, or com 
plexes can be assembled in situ on the substrate. The 
ribosome or ribosome complex is usually stably bound to the 
Substrate Surface for at least about 1 minute, and may be 
stably bound for at least about 30 minutes, 1 hour, or longer, 
where the dissociation rate of the complexes depends on 
Solution conditions and ligand-bound state of the ribosome. 
Complexes are usually more stable at higher Mg" concen 
trations and monovalent ion concentrations. The complex 
stability may also be increased at lower pH, by the presence 
of a P-site tRNA, and by addition of an acyl-aminoacid on 
the tRNA. 

In one embodiment, the attachment site is a nucleic acid 
sequence present in one of the ribosomal RNAs or on the 
mRNA, where a polynucleotide having a sequence comple 
mentary to the attachment site acts a linker between the 
ribosome complex and the Solid Surface. A convenient 
nucleic acid attachment site is mRNA, usually at the 5' or 
3'-end, where a complementary polynucleotide may hybrid 
ize, for example, to the untranslated region of the mRNA. 

Alternative nucleic acid attachment sites include rRNA 
regions of conserved A-form helical secondary structure 
where the primary sequence of the helical region is not 
evolutionarily conserved. Examples include surface-acces 
sible hairpin loops, particularly those regions that are not 
involved in tertiary structure formation. Such regions may 
be identified by a comparison of rRNA sequences to deter 
mine a lack of sequence similarity. Criteria include a helix 
of at least about 5 nt. in length, with a non-conserved 
nucleotide sequence. 
The Surface accessible loop may serve as an attachment 

site, or more preferably, the rRNA will be genetically 
modified to expand stem loop sequences by from about 6 to 
about 20 nucleotides, more usually from about 8 to about 18 
nucleotides. Preferred rRNA suitable for such modification 
is the prokaryotic 16S rRNA or the corresponding eukary 
otic 18S rRNA, although the 23S and 28S rRNA may also 
find use. 

Specific sites of interest for the introduction of a stem loop 
expansion for an attachment site include, without limitation, 
the 16S rRNA H6, H10, H26, H33a, H39 and H44 loops 
(Wimberly et al. (2000) Nature 407(6802):327–39). In 23S 
rRNA, the H9, H68 and H101 may be selected (Ban et al. 
(2000) Science 289(5481): 905-20). 
The polynucleotide having a sequence complementary to 

the attachment site may be indirectly coupled to the sub 
strate through an affinity reagent comprising two binding 
partners. Examples of Suitable affinity reagents include 
biotin/avidin or streptavidin; antibody/hapten; receptor/li 
gand pairs, as well as chemical affinity systems. For 
example, the substrate surface may be derivatized with 
avidin or streptavidin, and a ribosome complex comprising 
a biotin moiety present on a complementary polynucleotide 
is then contacted with the substrate surface, where specific 
attachment then occurs. 
Where the polynucleotide having a sequence complemen 

tary to the attachment site is directly coupled to the sub 
strate, various chemistries may be employed to provide a 
covalent bond, including homo- or heterobifunctional link 
ers having a group at one end capable of forming a stable 
linkage to the polynucleotide, and a group at the opposite 
end capable of forming a stable linkage to the Substrate. 
Illustrative entities include: azidobenzoyl hydrazide, N-4- 
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(p-azidosalicylamino)butyl-3-2-pyridyldithiopropiona 
mide), bis-SulfoSuccinimidyl Suberate, dimethyladipimidate, 
disuccinimidyltartrate, N-gamma.-maleimidobutyryloxy 
Succinimide ester, N-hydroxy Sulfo Succinimidyl-4-azido 
benzoate, N-succinimidyl 4-azidophenyl-1,3'-dithiopropi 
onate, N-Succinimidyl 4-iodoacetylaminobenzoate, 
glutaraldehyde, NHS-PEG-MAL: succinimidyl 4-Nma 
leimidomethylcyclohexane-1-carboxylate: 3-(2-pyridyldi 
thio)propionic acid N-hydroxysuccinimide ester (SPDP) or 
4-(N-maleimidomethyl)-cyclohexane-1-carboxylic acid 
N-hydroxysuccinimide ester (SMCC). To improve the sta 
bility, the substrate may be functionalized to facilitate 
attachment. Modes of surface functionalization include 
silanization of glass-like Surfaces by 3-aminopropyltriethox 
ysilane, 3-mercaptopropyltrimethoxysilane, 3-isocyanato 
propyltriethoxysilane, 3-isothiocyanonatopropyltriethoxysi 
lane, 2-(4-chlorosulfonylphenyl)ethyltrimethoxysilane, 
3-bromopropyltrimethoxysilane, methacryloxymethyltrim 
ethylsilane; and the like. Polymer coating may be achieved 
with polyvinyl alcohol, polyethyleneimine, polyacrolein, 
polyacrylic acid, etc. 
An alternative attachment strategy utilizes ribosomal pro 

teins, which may be modified to include a site for bioti 
nylation, or other binding moieties. Translationally compe 
tent ribosomes or ribosome complexes can be attached to a 
Solid Surface at a specific attachment site, where the attach 
ment site is one of a specific binding pair. The ribosomes or 
ribosome complexes may be fluorescently labeled. The 
attachment site can be other than the nascent polypeptide 
component that is being translated. The attachment site may 
be naturally occurring, or may be introduced through genetic 
engineering. Pre-formed ribosome complexes can be 
attached to the Surface, or complexes can be assembled in 
situ on the substrate. 

It will be understood by those of skill in the art that other 
components may be required for translation, including, for 
example, amino acids, nucleotide triphosphates, tRNAS and 
aminoacyl synthetases, or aminoacyl-loaded tRNAS, elon 
gation factors and initiation factors. 

In addition the reaction mixture may comprise enzymes 
involved in regenerating ATP and GTP. salts, polymeric 
compounds, inhibitors for protein or nucleic acid degrading 
enzymes, inhibitor or regulator of protein synthesis, oxida 
tion/reduction adjuster, non-denaturing Surfactant, buffer 
component, spermine, spermidine, etc. The reaction mixture 
may further comprise competitive tRNAS, agents such as 
antibiotics that affect translation, variations in reaction con 
ditions, e.g. salt concentrations, concentration of factors, 
temperature, etc. Salts suitable for use in a reaction mixture, 
can include, but are not limited to, potassium, magnesium, 
ammonium and manganese salt of acetic acid or Sulfuric 
acid, and some of these may have amino acids as a counter 
anion. Polymeric compounds Suitable for use in a reaction 
mixture can include, but are not limited to, polyethylene 
glycol, dextran, diethyl aminoethyl, quaternary aminoethyl 
and aminoethyl. Oxidation/reduction adjuster suitable for 
use in a reaction mixture, can include, but are not limited to, 
dithiothreitol, ascorbic acid, glutathione and/or their oxides. 
Also, a non-denaturing Surfactant, e.g. Triton X-100 may be 
used at a concentration of 0-0.5 M. Spermine and spermi 
dine may be used for improving protein synthetic ability. 
Preferably, the reaction is maintained in the range of pH 
5-10 and a temperature of 20° C. to 50° C., and more 
preferably, in the range of pH 6-9 and a temperature of 25° 
C. to 40° C. 
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Ribosome Function 
Genes are expressed as proteins in the cell through a 

process termed translation. Translation occurs on the ribo 
Some, a multicomponent enzyme that uses amino acid 
Substrates in order to synthesize proteins, which are linear 
polymers of amino acids. The overall process of translation 
can be divided into four stages: (1) initiation, in which a 
protein synthesis reaction commences using the first amino 
acid, (2) elongation, in which amino acid Substrates are 
linearly added to the protein, (3) termination, in which the 
fully synthesized protein is released from the ribosome, and 
(4) recycling, in which the ribosome is prepared for a new 
round of initiation. All of these stages of translation are 
highly regulated by the cell. 

Termination is triggered when the ribosome encounters a 
stop codon at the end of a messenger RNA, signaling the end 
of the mRNA-encoded protein product. While sense codons 
are typically decoded by the ribosome using aminoacyl 
transfer RNA substrates (one for each of the twenty natu 
rally-occurring amino acids), stop codons are instead 
decoded by the ribosome using RFs. Recognition, selection, 
and binding of an RF to the ribosome in response to a stop 
codon results in the release (via a hydrolysis reaction 
catalyzed by the RF) of the fully-synthesized, mRNA 
encoded protein product from the ribosome. Other features 
of ribosome function include high-accuracy stop codons 
decoding using RFs, the coupling of stop-codon recognition 
to the hydrolysis of the fully synthesized protein, and the 
hydrolysis reaction itself. 

Ribosome, transfer RNA (tRNA), and translation factor 
structural rearrangements play important mechanistic roles 
throughout protein synthesis. Conformational changes of the 
translational machinery include the movements of tRNAs 
from their classical to their hybrid ribosome binding con 
figurations, movement of the ribosomal L1 stalk from an 
open to a closed conformation, and the counterclockwise 
rotation, or ratcheting, of the small (30S) ribosomal subunit 
relative to the large (50S) subunit (Agirrezabala et al. 2008: 
Julian et al. 2008: Connell et al. 2007: Gao et al. 2007; Gao 
et al. 2005a; Valle et al. 2003; Frank et al. 2000). 

FIGS. 1A and 1B delineate the fundamental biochemical 
steps in the termination pathway. In the early steps of 
termination, a class 1 release factor binds to the ribosome in 
response to a messenger RNA (mRNA) stop codon and 
catalyzes release of the nascent polypeptide from ribosome 
bound peptidyl transfer RNA (pep-tRNA). In the later steps 
of termination, a class II release factor (RF3) binds to the 
ribosomal release complex (RC; also called the ribosomal 
termination complex) and catalyzes dissociation of RF1/2. 
Interpretation of recent biochemical (Zavialov et al. 2001) 
and structural (Gao et al. 2007a) studies suggest that RF3 
drives conformational changes of RF1/2 and the ribosome 
that lead to dissociation of RF1/2, and ultimately RF3, from 
the RC. Ribosome recycling, which involves splitting apart 
of the ribosomal subunits and dissociation of the deacylated 
tRNA(s) and the mRNA, is the final stage of translation. 
Although the exact mechanism and order of events is not 
known, ribosome recycling factor (RRF), elongation factor 
G (EFG), and initiation factor 3 (IF3) have all been shown 
to participate in this process; inference from structural 
comparisons suggests that conformational dynamics of these 
factors and the ribosome, including ribosome ratcheting, 
play important mechanistic roles in recycling. 
Numerous conformational changes of the RFs and the 

ribosome are functionally important during this process. 
These include conformational changes of RF1/2 during 
stop-codon recognition at the DC, allosteric signaling of the 
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recognition event from the decoding center (DC) to the 
ribosomal peptidyltransferase center (PTC), and subsequent 
hydrolysis of the ester bond between the nascent polypeptide 
and the tRNA at the peptidyltRNA binding (P) site of the 
PTC (Petry et al. 2005: Zavialov et al. 2002). 
The ribosome ensures high fidelity in aminoacyl-tRNA 

(aa-tRNA) selection (error frequency of 10) by coupling 
mRNA codon/aa-tRNA anticodon base pairing with elonga 
tion factor Tu (EF-Tu)-catalyzed GTP hydrolysis in a kinetic 
discrimination mechanism (Rodnina et al. 2005; Pape et al. 
1998). The ribosome achieves can achieve even higher 
accuracy of RF1/2 selection (error frequency of 10 to 10, 
depending on the stop codon) (Jorgensen et al. 1993), 
without the use of either base pairing between the stop 
codon and RF1/2 or factor-catalyzed GTP hydrolysis. 
Genetic and biochemical experiments have shown that a 
bacterially-conserved tripeptide motif (P(V/A)T in RF1 and 
SPF in RF2) is responsible for specific discrimination of the 
three stop-codons by RF1/2 (Nakamura et al. 2002: Chavatte 
et al. 2001; Ito et al. 2000; Poole et al. 1998). Structural 
analysis has placed the tripeptide motifs of RF1 and RF2 in 
proximity (Petry et al. 2005; Rawat et al. 2003: Klaholz et 
al. 2003) to the corresponding mRNA stop codons at the DC. 

Biochemical analysis shows that mRNA nucleotides both 
upstream and downstream of the stop codon (e.g. "codon 
context) can affect termination efficiency (Bjornsson et al. 
1996: Bonetti et al. 1995; Poole et al. 1995) and that 
mutations in RF2 within the domain containing the tripep 
tide motif, but not within the tripeptide motif itself, can 
trigger nascent polypeptide release at non-cognate stop 
codons as well as at sense codons (Uno et al. 2002: Ito et al. 
1998). With regard to polypeptide hydrolysis, a conserved 
RF1/2 domain containing a universally-conserved GGO 
tripeptide motif is required forester bond-hydrolysis (Zavia 
lov et al. 2002: Frolova et al. 1999). In bacteria, the 
glutamine within the GGQ motif is post-translationally 
N5-methylated and this modification is required for efficient 
pep-tRNA hydrolysis (Dincbas-Renqvist et al. 2000). Struc 
tural studies of RF1/2 bound to a RC have localized the 
GGO motif at the PTC. The process through which the 
stop-codon recognition signal is transmitted from the DC to 
the PTC remains unknown and may involve large-scale 
conformational changes in RF1/2 between a “closed’ and an 
“open' conformation (Petry et al. 2005; Klaholz et al. 2003: 
Rawat et al. 2003). 

In the next step of the termination pathway, RF3 catalyzes 
the dissociation of RF1/2 from the post-hydrolysis RC 
(Zaviolov et al. 2002: Zaviolov et al. 2001). Briefly, RF3 
binds to the RC in the GDP form and undergoes GDP/GTP 
exchange, with the post-hydrolysis, RF1/2-bound RC acting 
as its guanine nucleotide exchange factor. GDP/GTP-ex 
change leads to an RF3 conformational change that, likely 
coupled to ribosome and RF1/2 conformational changes, 
leads to dissociation of RF1/2. Subsequent GTP hydrolysis 
by RF3 is accompanied by an additional conformational 
change of RF3 that, again possibly coupled to ribosome 
conformational changes, leads to dissociation of RF3 from 
the RC. Structural evidence supporting these conformational 
changes comes exclusively from comparisons of low-reso 
lution cryogenic electron microscopic (cryo-EM) structures 
imaged in the absence or presence of bound RF3. 

Several large-scale conformational changes of the RC 
may accompany GDP/GTP-exchange of RF3 and mediate 
the dissociation of RF1/2. Such changes may include: (1) a 
transition of the newly deacylated-tRNA at the P site from 
a classical P/P tRNA configuration, in which the tRNA 
anticodon is bound at the Psite of the small (30S) ribosomal 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

18 
subunit and the tRNA acceptor end is bound at the Psite of 
the large (50S) ribosomal subunit, to an intermediate hybrid 
P/E tRNA configuration (this is an intermediate configura 
tion because the tRNA anticodon is bound at the Psite of the 
30S and the tRNA acceptor end is bound at deacylated, or 
exit (E), tRNA binding site of the 50S subunit); (2) an ~20 
A movement of the ribosomal L1 stalk into the intersubunit 
space, where it is observed to directly contact the P/E tRNA; 
and (3) a counterclockwise rotation of the 30S relative to the 
SOS, termed ratcheting (Gao et al. 2007a; Klaholz et al. 
2004). A similar conformational change of the ribosome 
may occur during the EFG-catalyzed translocation step of 
the elongation cycle (Connell et al. 2007; Valle et al. 2003: 
Frank et al. 2000). 

Using an L1 stalk-tRNA single-molecule Förster (or fluo 
rescence) resonance energy transfer (SmFRET) sig 
nal, stochastic movements of the L1 stalk between open and 
closed conformations within a pre-translocation ribosomal 
elongation complex were shown to be coupled to the fluc 
tuations of P-site tRNA between classical and hybrid con 
figurations (Fei et al. 2008). Taken together with ensemble 
intersubunit FRET data correlating the classical and hybrid 
tRNA binding configurations with the non-ratcheted and 
ratcheted conformations of the ribosomal subunits (Ermo 
lenko et al. 2007), respectively, SmFRET data shows 
that the entire pre-translocation complex spontaneously and 
reversibly fluctuates between two major conformational 
states: global state 1 (GS1) and global state 2 (GS2) (Fei et 
al. 2008) (FIG. 2A). Determining how the GS1/GS2 equi 
librium is coupled to the activities of release and ribosome 
recycling factors is useful for understanding the role of 
conformational dynamics of the translational machinery in 
the termination and ribosome recycling. The results 
described herein show that the global state of the ribosome 
is a mechanistic feature of translation factors and a regula 
tory strategy that is used throughout protein synthesis. 
The P/P-to-P/E tRNA transition, movement of the L1 

stalk to contact the P/E tRNA, and ratcheting of the ribo 
Some are all directly coupled during elongation, each rep 
resenting a dynamic feature of the same global conforma 
tional change of the elongation complex. smFRET studies of 
pre-translocation complexes have reported spontaneous and 
reversible intersubunit rotation between two major confor 
mations, non-ratcheted and ratcheted (Cornish et al. 2008), 
as well as fluctuations of the L1 stalk between open and 
closed conformations (Cornish et al. 2009). Collectively, 
these studies revealed that the equilibrium constants gov 
erning the non-ratcheted ratcheted ribosome and open closed 
L1 stalk equilibria are closely correlated (Cornish et al. 
2009), and that these dynamic processes are coupled. Cryo 
genic electron microscopic (cryo-EM) analysis using clas 
sification methods has revealed the existence of both GS1 
and GS2-like conformations within a single pretranslocation 
sample without any detectable intermediates (Agirrezabala 
et al. 2008; Julian et al. 2008). The -2.5 MDa biomolecular 
machine can include additional dynamic complexity beyond 
the GS1 GS2 model. It is possible that short-lived and/or 
rarely-sampled intermediates have thus far eluded detection 
by smFRET experiments and cryo-EM reconstructions. 
Thus, the GS1 GS2 model provides a useful framework for 
investigating the dynamics of the translating ribosome. 

Reversible transitions between GS1 and GS2 are 
prompted by peptidyltransfer to either an A-site aminoacyl 
tRNA (aa-tRNA) or to the antibiotic puromycin (Fei et al. 
2008). Puromycin mimics the 3'-terminal residue of aa 
tRNA(Traut et al. 1964), but unlike a fully intact aa-tRNA, 
dissociates rapidly from the A site upon peptidyltransfer. 
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Therefore, deacylation of P-site peptidyl-tRNA alone, 
regardless of A-site occupancy, is necessary and Sufficient to 
trigger GS1 GS2 fluctuations. Binding of the GTPase ribo 
Somal translocase, elongation factor G (EF-G), stabilizes 
GS2 (Cornish et al. 2008; Fei et al. 2008), helping to control 
the directionality of tRNA movements during translocation. 
Thus, precise regulation of the GS1 GS2 equilibrium by 
EF-G is a fundamental feature of translation elongation. 
Beyond elongation, a deacylated tRNA also occupies the 

Psite during translation termination and ribosome recycling. 
Accordingly, regulation of the GS1 GS2 equilibrium may be 
mechanistically important throughout these additional 
stages of protein synthesis. During termination, a stop codon 
in the A site of a ribosomal RC promotes binding of a class 
Irelease factor (RF1 or RF2), which catalyzes hydrolysis of 
the nascent polypeptide, thereby deacylating the P-site pep 
tidyl-tRNA. RF1/2 remains tightly bound to the post-hydro 
lysis RC, and a class II release factor (RF3, a GTPase) is 
required to catalyze RF1/2 dissociation (Freistroffer et al. 
1997). RF3(GDP) binds to the RF1/2-bound RC, and rapid 
dissociation of GDP yields a high-affinity complex between 
nucleotide-free RF3 and the RF1/2-bound RC (Zavialov et 
al. 2001). Binding of GTP to RF3 then catalyzes RF1/2 
dissociation, and subsequent GTP hydrolysis leads to RF3 
(GDP) dissociation (Zavialov et al. 2001), yielding a ribo 
somal posttermination complex (PoTC) (FIG. 2B). During 
ribosome recycling, the PoTC is initially recognized by 
ribosome recycling factor (RRF) and dissociated into its 
component 30S and 50S subunits by the combined action of 
RRF and EF-G in a GTP-dependent reaction (Hirokawa et 
al. 2005; Peske et al. 2005: Zavialov et al. 2005) (FIG. 2C). 
Cryo-EM analysis shows that ribosome and tRNA struc 

tural rearrangements analogous to those observed in pre 
translocation complexes (e.g. between GS1 and GS2) occur 
during both termination and ribosome recycling (Barat et al. 
2007: Gao et al. 2007a; Rawat et al. 2006; Gao et al. 2005; 
Klaholz et al. 2004). The GS1 GS2 dynamics of the post 
hydrolysis RC and PoTC have not been directly investi 
gated. The continuous presence of a deacylated P-site tRNA 
throughout termination and ribosome recycling indicates 
that these ribosomal complexes possess the intrinsic capa 
bility to undergo spontaneous GS1 GS2 fluctuations (Fei et 
al. 2008). 

FIG. 1C outlines the fundamental biochemical steps in the 
recycling pathway. During recycling, RRF, EFG, and IF3 act 
to split the PoTC into its component 30S and 50S subunits 
and dissociate the remaining deacylated-tRNA(s) and 
mRNA from the 30S in preparation for a new round of 
translation initiation (Seshadri et al. 2006; Wilson et al. 
2002). 
Deregulation of Termination in Malignancies 
The role of termination in regulating gene expression and 

the effect of deregulation in various malignancies. One 
feature of termination is the competition between RF1/2 and 
so-called nonsense Suppressor tRNAS for binding to stop 
codons. Nonsense Suppressor tRNAS are naturally occurring 
or mutant tRNAs that compete with RF1/2 for binding to 
ribosomes in response to a stop codon and lead to ribosomal 
frameshifting or stop-codon read through (nonsense Sup 
pression) events. Cellular levels of RFs and their efficiencies 
of termination at specific stop codons are important for 
regulating the competing processes of polypeptide release, 
ribosomal frame shifting, and nonsense Suppression, a pro 
cess that can be important in the expression of both host and 
viral pathogen-encoded gene products (Bertram et al. 2001; 
Tate et al. 1992). Depletion of eRF1 or eRF3 in human HeLa 
cells and eRF1 in S. cerevisiae results in an increase in 
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nonsense Suppression (Janzen et al. 2004; Stansfield et al. 
1996). The simultaneous overexpression of eRF1 and eRF3 
in yeast strains containing Suppressor tRNAS produces a 
marked anti-suppressor phenotype (Stansfield et al. 1995). 
Furthermore, bioinformatic and in vivo studies have dem 
onstrated that the translational stop signal in both prokary 
otes and eukaryotes extends beyond the traditional three 
nucleotide mRNA codon (Tate et al. 1996) and that the 
efficiencies of both polypeptide release and nonsense Sup 
pression depend on the relative strength of termination at 
specific stop codon contexts (Poole et al. 1995; Martin et al. 
1989). Thus, inefficient termination due to depleted RF 
levels or poor stop codon contexts along with the competing 
processes of frameshifting and nonsense Suppression enable 
careful regulation of gene expression at the level of trans 
lation termination (Tate et al. 1992). 

Deletions, mutations, and other forms of eRF1 and eRF3 
deregulation are associated with a variety of malignancies 
and cancers. For example, the region of human chromosome 
5, which contains the functional copy of the human eRF1 
gene is frequently deleted in malignant myeloid diseases, 
particularly myelodysplastic syndromes and acute myeloid 
leukemia (Dubourg et al. 2002; Guenet et al. 2000). Eukary 
otic RF1 has also been identified as a component of Hedge 
hog signaling (Collins et al. 2005). Hedgehog proteins 
provide positional information during the development of 
many different morphological structures, including the fore 
brain, neural tube, eyes, and limbs. Deregulation of Hedge 
hog signaling has been correlated with numerous cancers 
including basal cell carcinomas, gliomas, and gastric and 
prostate cancers (Collins et al. 2005). 
The histone deacetylase inhibitor sodium butyrate down 

regulates transcriptional levels of the mRNA encoding eRF1 
and this has been proposed as part of the mechanism leading 
to cell-cycle arrest and apoptosis in breast cancer cell lines 
(Goncalves et al. 2005). In addition to its role in translation 
termination, eRF3 has also been shown to function in 
cell-cycle regulation, cytoskeleton organization, and apop 
tosis. Deregulation of eRF3 levels and activities have been 
correlated with gastric cancers. Overexpression of eRF3 in 
gastric tumors may directly lead to increased translation 
efficiency, and overexpression, of specific oncogenic mRNA 
transcripts (Malta-Vacas et al. 2005. Likewise, polyglycine 
expansions of eRF3 have been associated with susceptibility 
to gastric cancer and, although it is possible that this 
mutation of eRF3 may affect its functional role in the other 
cellular processes in which it participates, it is likely that at 
least part of the effects of these polyglycine expansions are 
related to eRF3’s functional role in translation termination 
(Brito et al. 2005). 
Nonsense-Mediated Decay 

In eukaryotes, another essential regulatory pathway 
resulting from inefficient termination at unnatural stop 
codon contexts is the process of nonsense-mediated mRNA 
decay (NMD). NMD is an mRNA quality control mecha 
nism that efficiently and rapidly targets mRNAS containing 
premature termination codons (PTCs) for degradation. 
NMD effectively post-transcriptionally regulates gene 
expression by removing defective mRNAs from the cell 
prior to translation (Chang et al. 2007). PTCs arise from 
random nonsense or frameshift mutations in genomic DNA, 
programmed DNA rearrangements, or errors in mRNA 
splicing (Chang et al. 2007). Bioinformatic approaches have 
predicted that approximately 35% of all human genetic 
disorders and many forms of cancer (Frischmeyer et al. 
1999). 
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In one aspect, the invention described herein provides 
methods for developing therapeutic compounds to control 
regulation at the translational level by manipulation of the 
protein synthesis center of the cell. 
When healthy cells transform into cancerous cells, regu- 5 

lation of the translation process is altered and reprogrammed 
Such that the identities and amounts of proteins synthesized 
by the ribosome change dramatically. Deregulation of the 
termination process in human cells has been correlated with 
malignant myeloid diseases, particularly myelodysplastic 10 
syndromes and acute myeloid leukemia, as well as with 
basal cell carcinomas, gliomas, and gastric, prostate, and 
breast cancers. Experimental methods combining inhibition 
of the NMD pathway with DNA microarray technology have 
revealed numerous examples of different tumor suppressor 15 
genes containing PTCs in prostate, colon, breast, and ovar 
ian cancer cell lines (Anczukow et al. 2007; Ivanov et al. 
2007; Ware et al. 2006; Rossi et al. 2005: Wolfetal. 2005; 
Ionov et al. 2004). Particular cancers in which PTC muta 
tions have been shown to play an important role include the 20 
BRCA1 and BRCA2 breast cancer susceptibility genes. The 
large majority of deleterious mutations in BRCA2 introduce 
a PTC into the open reading frame (see Breast Cancer 
Information Core database) (Ware et al. 2006); these 
mRNAs are then believed to be targeted by the NMD 25 
pathway. 
The first step in triggering NMD involves the recognition 

of a premature stop codon, a process that involves eRF1 
(Chang et al. 2007). The ribosome and/or eRF1 may distin 
guish premature from natural stop codons by their codon 30 
context (e.g. by detecting nucleotides located downstream 
and upstream from the stop codon) (Chabelskaya et al. 2007; 
Ware et al. 2006 Keeling et al. 2002). 

Small molecule aminoglycoside antibiotics of the neomy 
cin class, which specifically bind the ribosome at the 30S 35 
decoding center (Ogle et al. 2001; Fourmy et al. 1996), have 
been shown to effectively inhibit termination specifically at 
PTCs in a codon context-dependent manner (Howard et al. 
2000). The ribosomal DC and/or eRF1 act to distinguish 
premature from normal stop codons using their codon con- 40 
text and demonstrate the potential for selectively targeting 
this phenomenon with Small molecule drugs (Keeling et al. 
2002). Human clinical trials have demonstrated the effec 
tiveness of the aminoglycoside gentamycin in treatment of 
two classic PTC diseases: Duchenne muscular dystrophy 45 
and nonsense mutation-mediated cystic fibrosis, diseases 
caused by mutations yielding PTCs within the dystrophin 
and cystic fibrosis transmembrane conductance regulator 
(CFTR) genes, respectively (Politano et al. 2003; Wilschan 
ski et al. 2003: Clancy et al. 2001; Wagner et al. 2001: 50 
Barton-Davis et al. 1999). 
PTC 124, a nonaminoglycoside, acts analogously to gen 

tamycin, selectively promoting readthrough of PTCs in a 
stop codon context-dependent manner. PTC 124 is also being 
used to treat Duchenne muscular dystrophy and nonsense 55 
mutation-mediated cystic fibrosis (Du et al. 2008; Welch et 
al. 2007). Both gentamycin and PTC124 protect the PTC 
containing dystrophin and CFTR mRNAs from NMD and 
rescue production of dystrophin and CFTR in mice models 
and in humans, demonstrating that these drugs act by 60 
specifically targeting the NMD pathway (Linde et al. 2007; 
Welch et al. 2007). If they can be properly targeted to 
malignant cells, compounds like PTC 124 or gentamycin 
could potentially be used to promote stop-codon 
readthrough of PTC mutations in tumor Suppressor genes 65 
where this type of mutation is prevalent, for example 
BRCA2. 

22 
In one aspect, the methods described herein can be used 

for selective manipulation of the NMD pathway and the 
development of new anti-cancer agents that target this novel 
pathway. 
FRET 
The methods described herein are suitable for measuring 

structural changes in macromolecular complexes using 
Förster (or fluorescence) resonance energy transfer (FRET). 
FRET is a physical process whereby energy is transferred 
non-radiatively from an excited donor fluorophore to an 
acceptor, which may be another fluorophore, through intra 
molecular long-range dipole-dipole coupling. One factor to 
consider in choosing the donor fluorophore/acceptor pair is 
the efficiency of FRET between the donor fluorophore and 
acceptor. The efficiency of FRET is dependent on the 
separation distance and the orientation of the donor fluoro 
phore and acceptor as described by the Förster equation, as 
well as the fluorescent quantum yield of the donor fluoro 
phore and the energetic overlap with the acceptor. In par 
ticular, the efficiency (E) of FRET can be determined as 
follows: 

where F, and F, are the fluorescence intensities of the 
donor fluorophore in the presence and absence of the accep 
tor, respectively, and R is the distance between the donor 
fluorophore and the acceptor. 
The Förster radius (R) is the distance at which resonance 

energy transfer is 50% efficient, that is, 50% of excited 
donor fluorophores are deactivated by FRET. The magnitude 
of the Förster radius depends on the quantum yield of the 
donor fluorophore, the extinction coefficient of the acceptor, 
and the overlap between the donor fluorophore's emission 
spectrum and the acceptors excitation spectrum. For effec 
tive transfer, the donor fluorophore and acceptor are in close 
proximity, separated, for example, by about 10 A to about 
100 A. For effective transfer over 10 A to 100 A, the 
quantum yield of the donor fluorophore generally is at least 
0.1, and the absorption coefficient of the acceptor generally 
is at least 1000 (see Clegg, Current Opinion in Biotech. 
6:103-110 (1995); and Selvin, Nature Structural Biol. 7:730 
734 (2000)). Typical Förster radius values for various donor 
fluorophore/acceptor pairs are known in the art (see, also, 
Wu and Brand, Analytical Biochem. 218: 1-13 (1994)). 
Comprehensive lists of Förster radii also are also known in 
the art (see, for example, Berlman, Energy Transfer Param 
eters of Aromatic Compounds Academic Press, New York 
1973). Furthermore, those skilled in the art recognize that 
component factors of the Förster radius (R) are dependent 
upon the environment such that the actual value observed 
can vary from the listed value. 
The donor fluorophore and acceptor are selected so that 

the donor fluorophore and acceptor exhibit resonance energy 
transfer when the donor fluorophore is excited. Effective 
energy transfer is dependent on the spectral characteristics 
of the donor fluorophore and acceptor, as well as their 
relative orientation. A donor fluorophore generally can be 
selected such that there is substantial spectral overlap 
between the emission spectrum of the donor fluorophore and 
the excitation spectrum of the acceptor. In addition, a donor 
fluorophore can be selected, for example, to have an exci 
tation maximum near a convenient laser frequency Such as 
Helium-Cadmium 442 nm or argon 488 nm, since laser light 
serves as a convenient and effective means to excite the 
donor fluorophore. 
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Separated emission maxima allow altered acceptor emis 
sion to be detected without donor emission contamination. 
The wavelength maximum of the emission spectrum of the 
acceptor moiety is preferably at least 10 nm greater than the 
wavelength maximum of the excitation spectrum of the 
donor fluorophore. In particular examples, the acceptor is a 
fluorophore having an emission spectrum in the red portion 

24 
of the visible spectrum, or in the infrared region of the 
spectrum. 
A variety of donor fluorophore-acceptor pairs, and their 

Förster radii are known in the art and listed in Table 1. (See 
also, Haugland, Handbook of Fluorescent Probes and 
Research Chemicals 6th Edition, Molecular Probes, Inc., 
Eugene, Oreg. 1996.) 

TABLE 1. 

Exemplary Donor Fluorophores and Acceptors 

Donor fluorophore Acceptor 

Fluorescein TMR 

Fluorescein QSY (R7 
EDANS DABCYL 
Napthalene Dansyl 

IANBD DDPM 

IAEDANS DDPM 

DNSM LY 
IAEDANS ANBD 

e-A F2DNB 

ANAI PM 

IAANS AF 

e-A FDPS 
e-A DDPM 

IAEDANS TNP 

MNA DACM 

PM NBD 

FITC TNP-ATP 
DANZ DABM 

NCP CPM 

NAA DNP 

LY TNP-ATP 
IAF diI-C1s 

IAF TMR 
FMA FMA 

PM DMAMS 

mBBR FITC 

mBBR DABM 

e-A NBD 

Pyrene Coumarin 
IPM FNAI 
IAEDANS DABM 
IAEDANS TNP-ATP 
e-A IANBD 

NBD SRH 
ISA TNP 

Dansyl ODR 
DANZ IAF 

Ro (DELTA) Reference 

49-54 Johnson et al...Biochemistry 32: 6402-6410 
(1993); Odom et al., Biochemistry 23: 5069-5076 
(1984) 

61 
33 
22 Haas et al., Proc. Nati. Acad. Sci. USA 72: 1807 

811 (1975) 
25 Kasprzyk et al. Biochemistry 22: 1877-1882 

(1983) 
25-29 Dalbey et al., Biochemistry 22:4696-4706 (1983); 

Cheung et al. Biophys. Chem. 40: 1-17 (1991) 
26-32 Nalin et al., Biochemistry 28: 2318-2324 (1985) 
27-51 Franzen et al., Biochemistry 19: 6080-6089 

(1980); First et al. Biochemistry 28: 3606 
3613(1989) 

29 Perkins et al.J. Biol. Chem. 259: 8786-8793 
(1984) Pyrene Bimane 30 Borochov-Neori 
and Montal Biochemistry 28: 1711-1718 (1989) 

30 Peerce and Wright. Proc. Natl. Acad. Sci. USA 
83:8092-8096 (1986) 

31 Grossman, Biochim. Biophys. Acta 1040: 276-280 
(1990) 

31 Perkins et al., Supra, 1984 
31 Miki and Mihashi, Biochim. Biophys. Acta 

533: 163-172 (1978) 
Takashi et al., Biochemistry 21:5661-5668 
(1982); dos Remedios and Cooke, Biochim. 
Biophys. Acta 788: 193-205 (1984) 

32 Amir and Haas. Biochemistry 26: 2162-2175 
(1987) 

32 Snyder and Hammes. Biochemistry 24: 2324 
2331 (1985) 

32 Amler et al. Biophys. J. 61:553-568 (1992) 
34 Albaugh and Steiner.J. Phys. Chem. 93:8013 

8016 (1989) 
34 Mitra and Hammes. Biochemistry 28: 3063-3069 

31-40 

(1989) 
33-37 McWherter et al. Biochemistry 25: 1951-1963 

(1986) 
35 Nalin, supra, 1985 
35 Shahrokh et al.J. Biol. Chem. 266: 12082-12089 

(1991) 
37 Taylor et al., J. Cell Biol. 89: 362-367 (1981) 
37 Dissing et al...Biochim. Biophys. Acta 553: 66-83 

(1979) 
38 Lin and Dowben, J. Bioi. Chem. 258: 5142-5150 

(1983) 
38 Tompa and Batke. Biochem. Int. 20: 487-494 

(1990) 
38 Kasprzak et al...Biochemistry 27: 4512-4523 

(1988) 
38 Miki and Iio. Biochim. Biophys. Acta 790: 201-207 

(1984) 
39 Borochov-Neori and Montal, Supra, 1989 
39 Peerce and Wright, Supra, 1986 
40 Tao et al. Biochemistry 22: 3059-3066 (1983) 
40 Tao et al., Supra, 1983 
40 Miki and Wahl. Biochim. Biophys. Acta 786: 188 

96 (1984) 
40-74 Wolf et al. Biochemistry 31: 2865-2873 (1992) 
42 acobson and Colman. Biochemistry 23: 3789 

3799 (1984) 
43 Lu et al.J. Biol. Chem. 264: 12956-12962 (1989) 

44-49 Cheung et al. Biochemistry 21:5135-5142 (1983) 
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In other examples, the donor fluorophore can be fluores 
cein in combination with rhodamine; texas red; eosin; ROX 
(6-carboxy-X-rhodamine: Applied Biosystems Division of 
Perkin-Elmer Corporation; Foster City, Calif.); or TAMRA 
(N.N.N',N'-tetramethyl-6-carboxy-rhodamine: Applied Bio 
systems). In other examples, the donor fluorophore is cas 
cade blue with fluorescein as an acceptor; the donor fluo 
rophore is BODIPYR 530/550 (4,4-difluoro-5,7-diphenyl 
4-bora-3a,4a-diaza-5-indacene) in combination with 
BODIPYR 542/563 (4,4-difluoro-5-p-methoxyphenyl-4- 
bora-3a,4a-diaza-5-indacene) as an acceptor, or the donor 
fluorophore is BODIPYR 542/563 in combination with 
BODIPYR 564/570 (4,4-difluoro-5-styryl-4-bora-3a.4a-di 
aza-5-indacene) as an acceptor. It is understood that the 
numbers following the name reflect the excitation and 
emission maxima of the molecule; BODIPYR compounds 
are commercially available from Molecular Probes (Eugene, 
Oreg.). 
Detection of Ribosomal Dynamics 

Comparisons of X-ray crystallographic and cryogenic 
electron microscopic structures of ribosomal complexes 
have show that conformational dynamics of the ribosome, 
its transfer RNA (tRNA) substrates, and associated transla 
tion factors play important mechanistic and regulatory roles 
throughout all stages of protein synthesis. 

Structural changes of the translational machinery can be 
directly characterized using fluorescently-labeled compo 
nents within a highly-purified in vitro translation system in 
real time using smFRET in order to elucidate the mecha 
nisms through which these dynamics direct and regulate the 
individual steps of translation. New ribosome-ribosome, 
ribosome-tRNA, and tRNA-translation factor smFRET sig 
nals can be used to characterize the intrinsic conformational 
dynamics of a ribosomal domain, the L1 stalk, as well as the 
coupling between L1 stalk and tRNA dynamics, throughout 
protein synthesis. This analysis shows that the translating 
ribosome can spontaneously and reversibly fluctuate 
between two global conformational states, and that transi 
tions between these two states involve coupled movements 
of the L1 stalk and ribosome-bound tRNAs, accompanied by 
ratcheting of the ribosomal subunits. Furthermore, elonga 
tion, release, and ribosome recycling factors recognize these 
global states of the ribosome and differentially affect tran 
sition rates between the two states. Thus, translation factor 
mediated recognition and control over intrinsic dynamics of 
the ribosome plays a major mechanistic role during the 
elongation, termination, and recycling stages of translation. 
Specific regulation of the global state of the ribosome is a 
fundamental characteristic of all translation factors and a 
unifying theme throughout protein synthesis. 
FRET signals between fluorescently-labeled class 1 RF 

and various functional moieties on the ribosome can be 
measured to detect a structural change in the macromolecu 
lar complex. Functional moieties suitable for measuring a 
FRET signal with fluorescently-labeled class 1 RF include 
messenger RNA, transfer RNA substrates, and ribosomal 
proteins. In one embodiment, the invention relies on a 
tRNA, an rRNA, an mRNA, or a ribosomal protein in which, 
under optimal conditions, the efficiency of FRET between 
the donor fluorophore and acceptor is at least 10%, at least 
20%, at least 30%, at least 40%, at least 50%, at least 60%, 
at least 70% or at least 80%. 
A “shift in FRET efficiency” occurs when the FRET 

efficiency has increased or decreased by about 40% or 0.4. 
A “loss in FRET efficiency” is a shift in FRET efficiency 
from a measurable value to essentially no measurable value 
over background. A “lack of FRET efficiency’ is no mea 
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Surable value over background. “High FRET efficiency’ is at 
least about 60% or 0.6, preferably at least about 70% or 0.7. 
and more preferably at least about 80% or 0.8. “Low FRET 
efficiency” is less than about 30% or 0.3, preferably less than 
about 20% or 0.2. 
Labeling Strategies 
Any of a number of donor fluorophores and acceptors in 

various combinations can be used. In one embodiment, the 
donor-acceptor pair can be located on the same tRNA, 
rRNA, mRNA, or ribosomal protein such that a conforma 
tional change in the tRNA, rRNA, mRNA, or ribosomal 
protein can be detected as a change in a FRET signal. In 
another embodiment, the donor-acceptor pair can be located 
on different RNA molecules or ribosomal proteins such that 
a the proximity of one to another can be detected as a change 
in a FRET signal. 
One skilled in the art understands that there are several 

considerations in selecting and positioning a donor and an 
acceptor fluorophoreon a tRNA, an rRNA, an mRNA, or a 
ribosomal protein. The fluorophores should be positioned to 
minimize interference with the activity of the labeled mol 
ecule, and to minimize interference with the ability of the 
labeled molecule to form a complex with another tRNA, 
rRNA, mRNA, or ribosomal protein. Thus, fluorophores can 
be selected and positioned, for example, so as to minimize 
the disruption of bonded and non-bonded interactions that 
are important for binding, and to minimize steric hindrance. 
In addition, the spatial distance between the acceptor and 
donor fluorophore generally can be limited to achieve effi 
cient energy transfer from the donor fluorophore to the 
acceptor. 
A tRNA, rRNA, mRNA, or ribosomal protein can be 

designed to optimize the efficiency of FRET, as well as the 
protein or RNA activity. A donor fluorophore can be 
selected, if desired, with a high quantum yield, and an 
acceptor can be selected, if desired, with a high extinction 
coefficient to maximize the Förster distance. Fluorescence 
arising from direct excitation of an acceptor can be difficult 
to distinguish from fluorescence resulting from resonance 
energy transfer. Thus, it is recognized that a donor fluoro 
phore and acceptor can be selected which have relatively 
little overlap of their excitation spectra such that the donor 
can be excited at a wavelength that does not result in direct 
excitation of the acceptor. Labeled molecules can be 
designed so that the emission spectra of the donor and 
acceptor overlap relatively little, such that the two emissions 
can be readily distinguished. 

In addition to a donor and acceptor, a ribosomal protein 
useful in the invention optionally can include one or more 
additional components. As an example, a flexible spacer 
sequence, for example GSGGS (SEQ ID NO: 1), can be 
included in a ribosomal protein. A ribosomal protein further 
can include one or more of an affinity tag such as HIS6(SEQ 
ID NO: 9), biotin, or an epitope such as FLAG, hemaglut 
tinin (HA), c-myc, or AU1, an immunoglobulin hinge 
region; an N-hydroxysuccinimide linker, a peptide or pep 
tidomimetic hairpin turn; a hydrophilic sequence, or another 
component or sequence that promotes the solubility or 
stability of the ribosomal protein. 

Sequence similarity or structural similarity can also be 
used identify a site suitable for labeling tRNA, rRNA, 
mRNA, or ribosomal protein of the invention. For example, 
E. coli RF1 can be used as a model for eRF1 due to the 
highly-conserved nature of the protein synthetic apparatus 
throughout evolutionary history because the mechanism of 
action of RF1 in E. coli is evolutionarily conserved from 
bacteria through humans. 
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Specific sites of interest for labeling include tRNA, which 
may be labeled on the RNA or the amino acid portion of the 
molecule. Body labeling of the RNA itself can be accom 
plished, for example by synthesizing the tRNA with an 
amino linker, which can be derivatized. Suitable sites 
include the anticodon stem loop, the elbow region and 3' 
acceptor arm. Alternatively, the amino acids used to charge 
the tRNA can be labeled and then used to charge the tRNA 
with the appropriate aminoacyl synthetase. 

Direct fluorescent labeling of ribosomal RNA can utilize 
a complementary polynucleotide probe that is complemen 
tary to a target sequence, where a labeled polynucleotide 
specifically hybridizes to a rRNA sequence. Target sites on 
the rRNA for hybridization include regions of conserved 
A-form helical secondary structure where the primary 
sequence of the helical region is not evolutionarily con 
served. Examples include Surface-accessible hairpin loops, 
particularly those regions that are not involved in tertiary 
structure formation. Such regions may be identified by a 
comparison of rRNA sequences to determine a lack of 
sequence similarity. Criteria include a helix of at least about 
5 nt. in length, with a non-conserved nucleotide sequence. 
The native sequence may serve as a target site, or more 

preferably, the rRNA will be genetically modified to expand 
stem loop sequences by from about 6 to about 20 nucleo 
tides, more usually from about 8 to about 18 nucleotides. 
Preferred rRNA suitable for such modification is the pro 
karyotic 16S rRNA or the corresponding eukaryotic 18S 
rRNA, although the 23S and 28S rRNA may also find use. 
Specific sites of interest for the introduction of a stem loop 
expansion for an attachment site include, without limitation, 
the 16S rRNAH6, H10, H16, H17, H26, H33a, H33b, H39 
and H44 loops. In 23S rRNA, the H9, H38, H68 H69, H72, 
H84, H89, H91 and H101 may be selected. 

Alternatively ribosomes may be labeled using a peptide 
tagging strategy. The BIV Tat protein binds to a specific 
sequence in the context of an A-form helix with a single 
nucleotide bulge; the peptide binds with high affinity (Kd 
nM) and specificity within the major groove of the helix. 
See, for example, Campisi et al. (2001) EMBO J. 20(1-2): 
178-86. Target sites, as described above for hybridization 
labels, can be genetically modified to contain a BIV Tat 
binding site, to which is bound fluorescently labeled BIV 
Tat. The recognition sequence for BIV Tat is 5' NUGNGC 
3'(SEQ ID NO. 2); 5 GCNCN 3' (SEQ ID NO: 10), where 
the two strands pair to form a quasi A form paired helix with 
a single bulged uridine; and where the N-N pair must be a 
Watson-Crick pair for stability. The BIV Tat peptide gener 
ally comprises the amino acid sequence RGTRGKGRRI 
(SEQ ID NO: 3) for high binding affinity. An alternate 
peptide tag is the HIV Rev peptide, which binds to a 
purine-rich internal loop in an RNA helix. For double 
labeling of different subunits, the individual subunits can 
separated and labeled independently, using combinations of 
one or more peptide and/or hybridization tags. 

Labeled peptide or polynucleotide probes can be synthe 
sized and derivatized with a fluorescent tag. The labeled 
probes can then be incorporated into cell growth media, or 
bound to the ribosomes post-synthetically. When bound to 
the ribosome during synthesis the probes further provide a 
means investigating the in vivo process of ribosome assem 
bly. 

Another approach for rRNA labeling utilizes internal 
incorporation of dyes by ligation of 16S rRNA fragments 
that contain dyes at their 5' or 3' termini. For example, 16S 
rRNA can be transcribed as two pieces, with a dye-labeled 
dinucleotide as primer of transcription. The two strands are 
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then ligated by DNA ligase and a DNA splint. The 30S 
subunit is then reconstituted from total 30S proteins using 
standard protocols. 

In another embodiment, the mRNA is labeled. For 
example, a labeled oligonucleotide may be hybridized 
downstream on the mRNA of choice, and the hybridized 
mRNA then combined with a surface bound ribosome 
complex, where the ribosome complex comprises a label 
that is a complementary donor/acceptor to the oligonucle 
otide label. Translation elongation can measured by the 
interaction of the mRNA with a labeled ribosome. The dye 
label on the ribosome can be attached to the 30S subunit, 
near where the 3' end of the mRNA exits from the ribosome, 
e.g. the cleft near ribosomal protein S5 is the leading edge 
of the translating ribosome. An alternate labeling approach 
utilizes reconstituted 30S particles with labeled S5 protein; 
a number of single-cysteine mutants of S5 have been deriva 
tized and successfully incorporated into 30S subunits. 

In another embodiment, labeled DNA oligonucleotides of 
from about 6 to about 20, usually about 8 to 10 nucleotides 
are pre-hybridized to mRNA in the test sample, where the 
site for hybridization is downstream from the initiation 
codon. Similarly, two labeled oligonucleotides that each 
comprise one member of a donor acceptor fluorochrome pair 
may be hybridized successively downstream of the start 
codon. Alternatively, a labeled oligonucleotide is designed 
to be complementary to the region of mRNA occluded by the 
ribosome in the initiation complex. 
An alternative method utilizes mRNA that comprises an 

epitope for which a high affinity antibody is available. 
Numerous Such epitopes are known in the art, e.g. the 
sequence encoding the amino acid EQKLISEEDL (SEQID 
NO: 4), which is the epitope for high-affinity binding by 
anti-myc antibody. The epitope will be exposed to the 
antibody upon its emersion from the 50S subunit exit tunnel, 
which protects about 40-50 amino acids. Binding of labeled 
antibody will lead to localization of the label, which means 
at least about 40-50 amino acids have been synthesized. The 
epitope tag can be incorporated into any coding sequence of 
interest, and may be positioned at varying sites throughout 
the coding sequence. From the time lag before localization 
of fluorescence as a function of tag position, translation rates 
can be estimated. As an alternative to an epitope tag, peptide 
sequences that form fluorescent arsenate complexes can be 
inserted into the coding sequence. Translation of such modi 
fied mRNA is performed in the presence of the labeling 
arsenic compound. 
Many proteins involved in the process of translation can 

be labeled, including ribosomal proteins, elongation and 
initiation factors, and the like. For example, the S21 protein 
sits in the tRNA exit site of the ribosome (E site), and can 
be dye labeled by any conventional method. The labeled 
protein is separated from the unbound dye, and then incu 
bated with the suitable ribosomal subunit at a molar excess 
of protein to favor exchange of the native protein with the 
labeled protein. 
Site Specific Labeling of Ribosomal Proteins 

Binding and function of class 1 RF throughout a ribo 
Somal termination reaction can be observed using fluores 
cently-labeled RFs within a protein synthesis system. Any 
protein synthesis system known in the art can be used to 
produce an class 1 RF protein. In one embodiment, the 
protein synthesis system is a purified E. coli protein Syn 
thesis system. In another aspect, the methods described 
herein relate to site-specific labeling of proteins. For 
example, Escherichia coli RF1 protein can be labeled at a 
number of unique positions with fluorescent probes. Stan 
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dard biochemical assays can be used to demonstrate that 
these fluorescently-labeled RF1s retain their full biochemi 
cal activity relative to the wild type RFs. 

Specific residues on a ribosomal protein, which can be 
mutated to allow site specific labeling of the protein without 
significantly altering its function in the ribosomal complex 
or in isolation, can be identified. For example, fluorophores 
can be conjugated to a class 1 RF such that the class 1 RF 
will exhibit characteristic photophysical changes upon ribo 
some binding and provide an observable output suitable for 
assaying the function of class 1 RF in biochemical experi 
ments. In one embodiment, a fluorophore-labeled class 1 RF 
protein can be used to measure conformational changes of 
the class 1 RF which accompany its binding to the ribosome 
complex. In another embodiment, a fluorophore labeled 
class 1 RF protein can be used to measure conformational 
changes of class 1 RF during hydrolysis of the polypeptide 
product of protein synthesis. 

Methods for conjugating proteins, peptides and peptido 
mimetics to a fluorophore or acceptor are well known in the 
art (Fairclough and Cantor, Methods Enzymol. 48:347-379 
(1978); Glaser et al., Chemical Modification of Proteins 
Elsevier Biochemical Press, Amsterdam (1975); Haugland, 
Excited States of Biopolymers (Steiner Ed.) pp. 29-58, 
Plenum Press, New York (1983); Means and Feeney, Bio 
conjugate Chem. 1:2-12 (1990); Matthews et al., Methods 
Enzymol. 208:468-496 (1991); Lundblad, Chemical 
Reagents for Protein Modification 2nd Ed., CRC Press, 
Boca Ratan, Fla. (1991); Haugland, supra, 1996). A variety 
of groups can be used to couple a donor fluorophore or 
acceptor, for example, to a tRNA, rRNA, mRNA, or ribo 
Somal protein. A thiol group, for example, can be used to 
couple a donor fluorophore or acceptor to the desired 
position in a tRNA, rRNA, mRNA, or ribosomal protein 
useful in the methods of the invention. Haloacetyl and 
maleimide labeling reagents also can be used to couple 
donor fluorophores or acceptors in preparing a tRNA, rRNA, 
mRNA, or ribosomal protein useful in the invention (see, for 
example, Wu and Brand, supra, 1994). 
Single Molecule Measurements 
The methods of the invention can be used to monitor 

binding and activity of class 1 RF at the single-molecule 
level. In one embodiment, single molecule measurements 
can be obtained using a combination of a Surface-immobi 
lized protein synthesis system with total internal reflection 
fluorescence microscopy. Therefore, where the fluorescently 
labeled molecule is immobilized either directly or indirectly, 
FRET efficiency is measured by imaging the solid surface. 
Alternatively, FRET efficiency can be measured where a 
fluorescently labeled molecule is not bound to a solid 
Surface using, for example, confocal microscopy. In Such 
instance, FRET efficiency is measured by imaging the 
reaction mixture, rather than the molecules bound to the 
Solid Surface. 

Traditional bulk enzymology reports the average values 
of biochemical parameters. Single-molecule studies comple 
ment ensemble measurements by defining the ensemble 
itself, and can revealing heterogeneity in the behavior of 
individual molecules (English et al. 2006). Examination of 
individual reaction trajectories therefore eliminates the 
problem of population averaging associated with the asyn 
chrony inherent in ensemble studies. Such asynchrony can 
obscure the existence of important, but short-lived or rare 
intermediates. 
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Single-molecule FRET combines the ability to monitor 

individual reaction trajectories with an observable signal 
that is exquisitely sensitive to conformational change. Mea 
surement of smFRET efficiency via the dipolar coupling of 
a donor and acceptor fluorophore pair depends on the 
distance separating the two fluorophores (assuming both 
fluorophores are freely rotating and isotropically oriented 
during the excited state lifetime). Therefore, as described 
above, smERET efficiency can be used to measure confor 
mational changes by using the relationship 

where E is the FRET efficiency, R is the distance between 
the donor and acceptor fluorophores, and Ro is the Förster 
distance (the separation distance for a specific donor-accep 
tor pair that yields a 50%, or 0.5, FRET efficiency). The Cy3 
(donor) and Cy5 (acceptor) fluorophores used in the 
Examples have an Ro of 50 A and are therefore sensitive to 
conformational changes within a distance range of 30-80 A. 
Amino Acid Modifications 

According to certain embodiments of the invention, ribo 
somal proteins can be modified such that the activity of the 
protein is retained. In other embodiments, ribosomal pro 
teins can be modified such the ability of the protein to enter 
into a complex with one or more proteins or nucleic acids is 
retained. Single or multiple amino acid Substitutions (in 
certain embodiments, conservative amino acid Substitutions) 
can be made in a naturally-occurring sequence (in certain 
embodiments, in the portion of the polypeptide outside the 
domain(s) forming intermolecular contacts). In certain 
embodiments, a conservative amino acid Substitution may 
not Substantially change the structural characteristics of the 
reference sequence (e.g., in certain embodiments, a replace 
ment amino acid should not tend to break a helix that occurs 
in the reference sequence, or disrupt other types of second 
ary structure that characterizes the reference sequence). 
Examples of certain art-recognized polypeptide secondary 
and tertiary structures are described, for example, in Pro 
teins, Structures and Molecular Principles (Creighton, Ed., 
W.H. Freeman and Company, New York (1984)); Introduc 
tion to Protein Structure (C. Branden and J. Tooze, eds., 
Garland Publishing, New York, N.Y. (1991)); and Thornton, 
J. M. et al. (1991) Nature 354:105-106. 

In one embodiment, a amino acid Substitution as 
described herein can be a conservative amino acid Substi 
tution. A conservative amino acid substitution refers to the 
Substitution of an amino acid in a polypeptide with another 
amino acid having similar properties, such as size or charge. 
In certain embodiments, a polypeptide comprising a conser 
Vative amino acid substitution maintains at least one activity 
of the unsubstituted polypeptide. A conservative amino acid 
Substitution can encompass non-naturally occurring amino 
acid residues, which are typically incorporated by chemical 
peptide synthesis rather than by synthesis in biological 
systems. These include, but are not limited to, peptidomi 
metics and other reversed or inverted forms of amino acid 
moieties. 

Amino acids can be classified on the basis of similarity in 
polarity, charge, solubility, hydrophobicity, hydrophilicity, 
and/or the amphipathic nature of the residues (Table 2). 
Negatively charged amino acids include aspartic acid and 
glutamic acid; positively charged amino acids include lysine 
and arginine. 
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TABLE 2 

Amino Acid Classification 

Aliphatic Non-polar Gly Ala Pro 
Ile Leu Val 
Cys Ser Thr Met 
ASn Glin 
Asp Glu 
Lys Arg 
His Phe Trp Tyr 

Polar, uncharged 

Polar, charged 

Aromatic 

The amino acid sequences of cellular translational 
machinery are heavily conserved across species. It is pos 
sible, for example, to align all bacterial RF1 sequences and 
identify amino acid positions that are not identical among 
different bacterial species. These amino acids are “phyloge 
netically variable.” 
An amino acid position can be characterized as having 

low phylogenetic variability when amino acids at that posi 
tion across species are selected from those within the same 
line in column 3 of Table 2. For example, in a comparison 
of a protein sequence from five different organisms, if the 
amino acids at position 20 for each of the five sequences 
were Ile, Ile, Val, Leu, Val, position 20 would have low 
phylogenetic variability. 
An amino acid position can be characterized as having 

high phylogenetic variability when amino acids at that 
position are selected from those within different blocks in 
column 3 of Table 2. For example, in a comparison of a 
protein sequence from five different organisms, if the amino 
acids at position 20 for each of the five sequences were Arg, 
Gly, Val, Lys, Lys, position 20 would have high phylogenetic 
variability. 

Non-conservative Substitutions can involve the exchange 
of a member of one of these classes for a member from 
another class. Such substituted residues can be introduced 
into regions of a ribosomal protein that are homologous with 
non-human ribosomal proteins, or into the non-homologous 
regions of the molecule. 

In making Substitutions, according to certain embodi 
ments, the hydropathic index of amino acids can be consid 
ered. Each amino acid has been assigned a hydropathic 
index on the basis of its hydrophobicity and charge charac 
teristics. They are: isoleucine (+4.5); Valine (+4.2); leucine 
(+3.8); phenylalanine (+2.8); cysteine/cystine (+2.5); 
methionine (+1.9); alanine (+1.8); glycine (-0.4); threonine 
(-0.7); serine (-0.8); tryptophan (-0.9); tyrosine (-1.3); 
proline (-1.6); histidine (-3.2); glutamate (-3.5); glutamine 
(-3.5); aspartate (-3.5); asparagine (-3.5); lysine (-3.9); 
and arginine (-4.5). The importance of the hydropathic 
amino acid index in conferring interactive biological func 
tion on a protein, in certain instances, is understood in the 
art. Kyte et al., J. Mol. Biol. 157:105-131 (1982). It is 
known that in certain instances, certain amino acids can be 
Substituted for other amino acids having a similar hydro 
pathic index or score and still retain a similar biological 
activity. See Table 3. 

TABLE 3 

Exemplary amino acid Substitutions 

Ala Val, Leu, Ile 
Arg Lys, Gln, ASn 
ASn Gln 
Asp Glu 
Cys Ser, Ala 
Gln ASn 
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TABLE 3-continued 

Exemplary amino acid substitutions 

Gly Asp 
His ASn, Gln, Lys, Arg 
Ile Leu, Val, Met, Ala, Phe, Norleucine 
Lys Arg, 14 Diaminobutyric Acid, Gln, ASn 
Met Leu, Phe, Ile 
Phe Leu, Val, Ile, Ala, Tyr 
Pro Ala, Gly 
Ser Thr, Ala, Cys 
Thr Ser 
Trp Tyr, Phe 
Tyr Trp, Phe, Thr, Ser 
Wall Ile, Met, Leu, Phe, Ala, Norleucine 

A skilled artisan will be able to determine suitable vari 
ants of a polypeptide as set forth herein using well-known 
techniques. One skilled in the art can identify suitable areas 
of the molecule that can be changed without destroying 
activity by targeting regions not believed to be important for 
activity. The skilled artisan can identify residues and por 
tions of the molecules that are conserved among similar 
polypeptides. In certain embodiments, even areas that can be 
important for biological activity or for structure can be 
Subject to conservative amino acid Substitutions without 
destroying the biological activity or without adversely 
affecting the polypeptide structure. 

Exemplary ribosomal protein variants include cysteine 
variants wherein one or more cysteine residues are deleted 
from or Substituted for another amino acid (e.g., serine) 
relative to the amino acid sequence of the reference ribo 
somal protein. In certain embodiments, cysteine variants 
have fewer cysteine residues than the native or wild type 
polypeptide. A “wild type cyteine residue' is one that occurs 
in the native polypeptide sequence. 

Additional guidance with respect to making and using 
nucleic acids and polypeptides is found in standard text 
books of molecular biology, protein science, and immunol 
ogy (see, e.g., Davis et al., Basic Methods in Molecular 
Biology, Elsevir Sciences Publishing, Inc., New York, N.Y., 
1986; Hames et al., Nucleic Acid Hybridization, IL Press, 
1985; Molecular Cloning, Sambrook et al., Current Proto 
cols in Molecular Biology, Eds. Ausubel et al., John Wiley 
and Sons; Current Protocols in Human Genetics, Eds. Dra 
copoli et al., John Wiley and Sons: Current Protocols in 
Protein Science, Eds. John E. Coligan et al., John Wiley and 
Sons; and Current Protocols in Immunology, Eds. John E. 
Coligan et al., John Wiley and Sons). 

Additionally, in certain embodiments, one skilled in the 
art can review structure-function studies identifying residues 
in similar polypeptides that are important for activity or 
structure. In view of Such a comparison, in certain embodi 
ments, one can predict the importance of amino acid resi 
dues in a protein that correspond to amino acid residues 
which are important for activity or structure in similar 
proteins. In certain embodiments, one skilled in the art can 
opt for chemically similar amino acid substitutions for Such 
predicted important amino acid residues. 

While prokaryotic organisms utilize both RF1 and RF2 to 
specifically decode the three stop codons, eukaryotic organ 
isms use a single homolog, eRF1, to recognize all three stop 
codons during eukaryotic termination. Despite a consider 
able lack of sequence homology, RF1, RF2, and eRF1 
demonstrate universal conservation of the structure and 
function of class I release factors (Petry et al. 2005; Vester 
gaard et al. 2005). Likewise, there exists a eukaryotic class 
II GTPase release factor, eRF3. Although some differences 
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in the details of RF3 and eRF3 function have been noted 
(Alkalaeva et al. 2006; Mitkevich et al. 2006: Pisareva et al. 
2006), RF3 and eRF3 play similar functional roles in a 
universal termination mechanism (Zavialov et al. 2002: 
Zavialov et al. 2001). The GS2 state of the ribosome has 
been observed in cryo-EM studies of both prokaryotic 
(Connell et al. 2007: Valle et al. 2003) and eukaryotic 
(Taylor et al. 2007: Spahn et al. 2004) elongation complexes 
as well as in prokaryotic TCs (Gao et al. 2007a; Klaholz et 
al. 2004). 

Thus, in certain embodiments, one skilled in the art can 
analyze the three-dimensional structure and amino acid 
sequence in relation to that structure in similar polypeptides. 
For example, the skilled artisan can compare three-dimen 
sional structures between several RF1 molecules from dif 
ferent prokaryotes. In addition, the skilled artsian can com 
pare three-dimensional structures of RF1 to eRF to guide 
design of labeled mutants. In view of Such information, one 
skilled in the art can predict the alignment of amino acid 
residues of protein with respect to its three dimensional 
structure. In certain embodiments, one skilled in the art can 
choose not to make radical changes to amino acid residues 
predicted to be on the surface of the protein, since such 
residues can be involved in important interactions with other 
molecules. Moreover, in certain embodiments, one skilled in 
the art can generate test variants containing a single amino 
acid Substitution at each desired amino acid residue. In 
certain embodiments, the variants can then be screened 
using activity assays known to those skilled in the art. In 
certain embodiments, such variants could be used to gather 
information about Suitable variants. For example, in certain 
embodiments, if one discovered that a change to a particular 
amino acid residue resulted in destroyed, undesirably 
reduced, or unsuitable activity, variants with Such a change 
can be avoided. In other words, in certain embodiments, 
based on information gathered from Such routine experi 
ments, one skilled in the art can readily determine the amino 
acids where further substitutions should be avoided either 
alone or in combination with other mutations. 
A number of scientific publications have been devoted to 

the prediction of secondary structure. See, e.g., Moult J., 
Curr. Opin. Biotechnol. (1996) 7(4):422-427; Chou et al., 
(1974) Biochemistry, 13(2):222-245: Chou et al. (1974) 
Biochemistry 113(2):211-222; Chou et al. (1978); Adv. 
Enzymol. Relat. Areas Mol. Biol. 47:45-148; Chou et al. 
(1976) Ann. Rev. Biochem, 47:251-276; and Chou et al. 
(1979) Biophys. J. 26:367-384. Moreover, computer pro 
grams are currently available to assist with predicting sec 
ondary structure. One method of predicting secondary struc 
ture is based upon homology modeling. For example, two 
polypeptides or proteins which have a sequence identity of 
greater than 30%, or similarity greater than 40% often have 
similar structural topologies. The growth of the protein 
structural database (PDB) has provided enhanced predict 
ability of secondary structure, including the potential num 
ber of folds within a polypeptide's structure. See, e.g., Holm 
et al. (1999) Nucl. Acid. Res. 27(1):244-247. It has been 
suggested (Brenner et al., (1997) Curr. Op. Struct. Biol. 
7(3):369-376) that there are a limited number of folds in a 
given polypeptide or protein and that once a critical number 
of structures have been resolved, structural prediction will 
become dramatically more accurate. 

Additional methods of predicting secondary structure 
include “threading” (see, e.g., Jones, D. (1:997) Curr. Opin. 
Struct. Biol. 7(3):377-387: Sippl et al. (1996) Structure 
4(1): 15-19), “profile analysis” (see, e.g., Bowie et al., (1991) 
Science 253:164-170; Gribskov et al., (1990) Meth. Enzym. 
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183:146-159; Gribskov et al. (1987) Proc. Nat. Acad. Sci. 
USA 84(13):4355-4358), and “evolutionary linkage” (see, 
e.g., Holm et al. (1999) Nucl. Acid. Res. 27(1):244-247; and 
Brenner et al. (1997) Curr. Op. Struct. Biol. 7(3):369-376 
(1997)). 
Ribosome Dynamics. During Termination and Recycling 

Determining how the GS1 GS2 equilibrium is coupled to 
the activities of release and ribosome recycling factors is 
useful for understanding the role of conformational dynam 
ics of the translational machinery in the termination and 
ribosome recycling. The results described herein show that 
the global state of the ribosome is a mechanistic feature of 
translation factors and a regulatory strategy that is used 
throughout protein synthesis. 
The tight binding of RF1 to a post-hydrolysis RC estab 

lishes intermolecular RF1-ribosome, and possibly intramo 
lecular ribosome-ribosome interactions, which block 
GS1<>GS2 fluctuations that are otherwise intrinsic to ribo 
somal complexes carrying a deacylated P-site tRNA (FIGS. 
3A and 3B). Thus, without making extensive interactions 
with the P-site tRNA or any contacts with the L1 stalk, RF1 
successfully blocks movements of P-site tRNA from the 
classical to the hybrid configuration, movements of the L1 
stalk from the open to the closed conformation, and pre 
Sumably, the accompanying intersubunit ratcheting of the 
ribosome. This result shows the tight coupling between 
ribosome and tRNA dynamics and that the interaction of 
translation factors with the ribosome can allosterically and 
specifically regulate the global State of the ribosome. 
The finding that RF1 Ad1 can block GS1->GS2 transi 

tions demonstrates that any potential intersubunit interac 
tions mediated by domain l are not essential for blocking 
GS1->GS2 transitions. Because domain 1 is not required to 
block this transition, an alternative mechanism involve 
base-stacking interaction between A1913 from helix 69 of 
23S rRNA and A1493 from helix 44 of 16S rRNA, which 
was observed in a recent X-ray crystal structure of RF1 
bound to an RC (Laurberg et al. 2008). This contact physi 
cally connects the two Subunits, is a distinctive feature of an 
RF1-bound RC, and might therefore play a role in prevent 
ing the GS1->GS2 transition. RF1, helix 69, and/or helix 44 
mutations can be performed to test this possibility. 
The smFRET data demonstrate that the target of RF3 

(GDP) is a post-hydrolysis, RF1-bound RC locked in GS1, 
and that the intrinsic GS1->GS2 transition remains Sup 
pressed throughout the interaction of the RF1-bound RC 
with RF3(GDP) and nucleotide-free RF3. The GS1->GS2 
transition occurs exclusively upon binding of GTP to RC 
bound RF3, which leads to RF1 dissociation and stabiliza 
tion of GS2 prior to GTP hydrolysis (FIG. 3C). The results 
described herein show that the characteristic fluctuations 
between GS1 and GS2 that are triggered by deacylation of 
the P-site tRNA are specifically regulated throughout the 
termination pathway. It is possible that binding of GTP to 
RC-bound RF3 actively drives the GS1->GS2 transition, 
indirectly leading to RF1 dissociation (Gao et al. 2007a). It 
is also possible that binding of GTP to RC-bound RF3 
actively drives RF1 dissociation and enables GS1->GS2 
transition spontaneously in the absence of RF1. 
As is the case during elongation and termination, the 

GS1 (SGS2 equilibrium is specifically regulated, during 
ribosome recycling. The smFRET data described herein 
demonstrates the ability of RRF to shift the GS1 (sGS2 
equilibrium towards an RRF-bound GS2 conformation as a 
function of increasing RRF concentration. This occurs 
through two mechanisms. At low concentrations, RRF pref 
erentially and transiently binds to GS2, competing directly 
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with the GS2->GS1 transition and inhibiting kiss in a 
concentration-dependent manner (FIG. 3D). At high con 
centrations, RRF can also bind directly to GS1 and modestly 
increase kiss. Tunable shifting of the GS1 <>GS2 equi 
librium towards an RRF-bound PoTC in GS2 sets important 
constraints for Subsequent steps of ribosome recycling. For 
example, the RRF-bound PoTC in GS2, which can serve as 
the substrate for EF-G-catalyzed splitting of the ribosomal 
Subunits, is a transient species whose fractional population 
is a sensitive function of RRF concentration. Accordingly, 
the efficiency of ribosome recycling can be dependent on 
RRF concentration, as has been demonstrated in vitro (Pav 
lov et al. 2008: Hirokawa et al. 2005). These results further 
show that cellular control of RRF concentrations can regu 
late the efficiency of ribosome recycling in vivo, which can 
be important for reactivating sequestered ribosomes (Janosi 
et al. 1998) and preventing unscheduled translation reinitia 
tion events (Hirokawa et al. 2004). 

The ribosome interacts with numerous translation factors 
throughout protein synthesis, many of which bind at par 
tially overlapping sites and thus compete for ribosome 
binding. Biochemical studies have shown that the absence or 
presence of a peptide on P-site tRNA regulates the activities 
of the translational GTPases (Zavialov et al. 2003). As 
described herein, an additional level of organizational con 
trol exists in which the absence or presence of a peptide on 
the P-site tRNA controls a dynamic equilibrium involving 
coupled tRNA and ribosome dynamics. This dynamic equi 
librium is recognized and manipulated by elongation, 
release, and ribosome recycling factors during the elonga 
tion, termination, and recycling stages of translation (FIG. 
3). Thus, given the universally conserved two-subunit archi 
tecture of the ribosome, as well as the conserved ability of 
eukaryotic ribosomes to sample GS1- and GS2-like confor 
mations(Taylor et al. 2007: Spahn et al. 2004), regulation of 
the GS1 (SGS2 equilibrium serves as a universal principle 
for organizing the binding and biochemical activities of 
translation factors throughout protein synthesis. 

The following examples illustrate the present invention, 
and are set forth to aid in the understanding of the invention, 
and should not be construed to limit in any way the scope of 
the invention as defined in the claims which follow there 
after. 

EXAMPLES 

Example 1 

General Methods 

Protocols describing (1) the Tris-Polymix buffer system, 
(2) the purification of ribosomes, tRNA synthetases, form 
ylmethionyl-tRNA formyltransferase, and translation fac 
tors, (3) the specific fluorescent-labeling of tRNAPhe as 
well as purification of fluorescently-labeled tRNAs, (4) the 
aminoacylation of tRNAs, preparation of the 10-formyltet 
rahydroformate formyl group donor and formylation of 
Met-tRNAf Met, (5) the formation of EFTu(GTP)aa-tRNA 
complexes, and (6) the preparation and purification of ribo 
Somal complexes initiated on chemically synthesized 
mRNAs harboring a 5'-biotin modification, (7) extract and 
analyze ribosomal proteins, (8) generate ribosomal protein 
deletion strains, (9) clone, mutagenize, overexpress, purify, 
and fluorescently label ribosomal proteins, and (10) recon 
stitute ribosomes bearing single fluorescently-labeled ribo 
somal proteins are previously published (Fei et al. 2008; 
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Gonzalez et al. 2007: Blanchard et al. 2004a: Blanchard et 
al. 2004b) and described in part below. 

Example 2 

Cloning and Purification of Release and Ribosome 
Recycling Factors 

Genes encoding RF1, RF3, and RRF from Escherichia 
coli C600 genomic DNA were cloned into the pProEx-HTb 
vector (Invitrogen), which contains an amplicillin-resistance 
marker, using Kasl (5') and KpnI (3) restriction sites, which 
places the gene under Trc promoter control and appends an 
N-terminal hexahistidine affinity tag (SEQ ID NO: 9) and 
downstream TEV protease cleavage site. Enzymatic cleav 
age of the affinity tag leaves an extraneous GA dipeptide at 
the N terminus of each protein factor. 
The PrmC gene encoding the RF1-modifying glutamine 

N-5-methyltransferase was cloned from E. coli genomic 
DNA into the pET-26b(+) vector (Novagen), containing a 
kanamycin-resistance marker and an IPTG-induced T7 pro 
moter, using Ndel (5') and HindIII (3') restriction sites. 
Appendage of the optional C-terminal hexahistidine affinity 
tag (SEQ ID NO: 9)was avoided by placing a stop codon at 
the C terminus of the gene. The RF1Ad1 construct was 
generated by deleting the region of the PrfA gene encoding 
amino acids 1-89, as previously described (Mora et al. 
2003). 

Design of single-cysteine variants of RF1 was guided by 
crystal structures of RF1 bound to a RC (Petry et al. 2005) 
to identify a series of single-cysteine RF1 mutants that retain 
full RF1 function (Wilson et al. 2000). All clones were 
verified by DNA sequencing. 

After cloning genes encoding RF1, RF1Ad1, RF3, and 
RRF, protein factors were overexpressed in BL21 cells, 
purified using Ni2+-nitrilotriacetic acid affinity chromatog 
raphy, and TEV protease was used to cleaved their hexa 
histidine affinity tags (SEQ ID NO: 9). RF1 and RF1Ad1 
were co-expressed with a plasmid-encoded copy of the 
PrmC gene, an N5-glutamine methyltransferase known to 
methylate RF1 at residue Gln235 (Heurgue-Hamard et al. 
2002: Dincbas-Renqvist et al. 2000). All purified proteins 
were greater than 95% pure, as evidenced by SDS-PAGE 
(FIG. 4A), and their identities were confirmed by mass 
spectrometry. Final protein stocks were stored at -20°C. in 
Translation Factor Buffer (10 mM Tris-Cl pH4° C.-7.5, 50 
mM KC1, 5 mM 2-mercaptoethanol, and 50% (v/v) glyc 
erol). All translation factors were purified using Ni2+-NTA 
affinity purification chromatography followed by TeV pro 
tease cleavage of the hexa-histidine affinity tags (SEQ ID 
NO: 9) as described. 

Example 3 

Preparation of IFs, EFs, tRNAs, mRNA and 
L1 (Cy5) Ribosomes 

Initiation and elongation factors were purified as previ 
ously described (Blanchard et al. 2004b). tRNA''' (Sigma 
Aldrich) was labeled with Cy3 NHS ester (GE Healthcare) 
at the naturally occurring acpU modification at position 47. 
and purified using hydrophobic interaction chromatography 
(Blanchard et al. 2004b), tRNA''' (MP Biomedicals), 
tRNA, and (Cy3)tRNA, and formylated Met 
tRNA''' was aminoacylated (Blanchard et al. 2004b). The 
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mRNA used in this analysis is derived from the mRNA 
encoding gene product 32 from T4 bacteriophage. The 
sequence of this mRNA is: 

(SEO ID NO; 5) 
GGCAACCUAAAACUUACACAGGGCCCUAAGGAAAUAAAAAUGUUUUAAUG 

UAAA 

(SEQ ID NO : 6) 
UCUACUGCUGAACUCGCUGCACAAAUGGCUAAACUGAAUGGCAAUUAAGG 

AUC 

where the nucleotides in bold are a 26 nucleotide spacer 
region containing an 18 nucleotide sequence (underlined in 
bold) to which a complementary 3'-biotinylated DNA oli 
gonucleotide (IDT; TGTGTAAGTTTTAGGTTGATTTG 
Biotin (SEQ ID NO: 7) was hybridized to enable surface 
immobilization. This was followed by a strong Shine-Dal 
garno ribosomal binding site (underlined), an open reading 
frame encoding fMet-Phe-STOP within a strong stop codon 
context (Pavlov et al. 1998) (underlined in italics), and 58 
additional downstream nucleotides. For control experiments 
with a sense codon, the mRNA was identical except for the 
beginning of the open reading frame sequence, which was 
mutated to AUGUUU AAA C (SEQ ID NO: 8). L1 (Cy5) 
ribosomes were constructed as previously described (Fei et 
al. 2008). 

Example 4 

Preparation and Purification of TCs and PoTCs 

A bacteriophage T4 gene product 32-derived mRNA 
(Blanchard et al. 2004b) as well as a variant having mutated 
the third codon, and the +1 downstream nucleotide from the 
wild-type AAA-C (coding for lysine) to UAA-U (the most 
efficient RF1 stop-codon in the most efficient codon context) 
was used. TCs were prepared by initiating ribosomes on a 
biotinylated mRNAs as previously described (Blanchard et 
al. 2004b). These initiated ribosomes were then in-vitro 
reacted through one full round of translation elongation 
using fully-purified EF-Tu(GTP)Phe-tRNAPhe and EFG 
(GTP). This method enables -90-95% efficiency in this 
elongation step using a purified in vitro translation system 
(Fei et al. 2008; Blanchard et al. 2004b). This places a 
deacylated-tRNAfMet at the deacylatedtRNA (or exit (E)) 
site, an fMet-Phe-tRNAPhe at the Psite, and the stop codon 
at the empty aa-tRNA binding (A) site (FIG. 1A). TCs 
prepared in this way were purified from free tRNAs and 
translation factors by ultracentrifugation through a Sucrose 
density gradient as previously described (Blanchard et al. 
2004b). 

Example 5 

Generation and Labeling of RF1 Mutants 

In order to fluorescently label release factor 1 (RF1), 
maleimide-reactive fluorophores were conjugated with the 
thiol side group of unique cysteine residues, and introduced 
into the RF1 gene (prfA) using standard molecular biology 
tools. The generation of RF1 mutants involves: identifying 
high-interest regions for fluorophore placement, scoring 
amino acid residues within these regions for conservation 
and Surface accessibility, consulting prior work to determine 
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whether potential mutations have already been generated/ 
characterized, and constructing the desired mutations by 
mutagenesis. 

High-resolution structures of release factor 1 (RF1), either 
crystallized alone (PDB IDs 1RQ0 and IZBT) or bound to 
ribosomes (PDB IDs 2B64/6 and 3D5A/B), were analyzed 
using Pymol (http://www pymol.org/) to identify regions 
of interest for conjugating a fluorophore(s). When designing 
FRET experiments, distances between potential points of 
attachment within these structures were measured to guide 
the construction of RF1 mutations. Otherwise, high-interest 
regions were generally identified based on prior studies 
and/or a targeted focus on specific RF1 domain movements 
inferred from previous structural and biochemical work. 

After selecting regions where a fluorophore was desired, 
the Escherichia coli gene encoding RF1 was aligned with 
the sequences of ~250 other bacterial RF1 genes using 
BLAST (http://blast ncbi.nlm.nih.gov/Blast.cgi). The 
resulting sequence alignment was analyzed with ClustalW 
(http://www ebi.ac.uk/clustalw/) and JalView (http://www 
jalview.org/), and amino acid residues in close proximity to 
regions of interest were scored for conservation; residues 
with low levels of conservation were selected as potential 
candidates for mutational work. Crystal structures were 
again consulted in order to assess the solvent accessibility of 
amino acid residues identified through phylogenetic analy 
sis, as fluorescent labeling efficiencies will ultimately be 
limited by the accessibility of the reactive thiol group. Those 
residues within high interest regions, showing low conser 
Vation and good solvent accessibility, were ultimately 
selected for introducing mutations. These selections were 
further filtered based on any prior studies that may have 
already generated and biochemically tested similar mutants. 
For example, Wilson et al. (Nat Struct Biol 7(10), 866-870 
(2000)) generated 10 unique, active single-cysteine RF1 
mutants, which was a useful starting point to guide the 
labeling strategy. 

In order to place unique cysteines within the RF1 
sequence, all three wild-type cysteines were first mutated to 
serines, generating a cysteine-free RF1 construct previously 
shown to retain activity. Subsequently, new mutations were 
introduced within the RF1 gene. In most cases, mutations 
were generated using the Quikchange Site-Directed Muta 
genesis Kit (http://www stratagene.com). All mutations 
were verified by DNA sequencing. 

All wild-type cysteines (C51, C201, C257) were first 
mutated to serines to generate a cysteine-free RF1 construct, 
except where noted, before generating the following single/ 
double cysteine constructs: 
S167C 
S192C 
C201f 
S229C 
E256C 
C257 
S167C/S229C 
S192C/S229C 
C201/C257f 
S192C/E256C 
S192C/E256C 
141C/256C 
328C/256C 
256C/315C 
192C/254C 
328CF167C 

Three single-cysteine RF1 mutants predicted to yield 
RF1-tRNA smFRET signals emanating from the core 
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domain (S167C), the PVT domain (S192O), and the GGQ 
domain (C257, a wild-type cysteine) of RF1 were identified 
and generated (FIG. 5). All translation factors were overex 
pressed as previously described (Blanchard et al. 2004b). 
with the exception of RF1 variants, all of which were 
co-overexpressed with PrmC in order to ensure methylation 
of the glutamine within the GGQ motif. 

To enable site-specific Cy5-labeling of RF1 and RF1Ad1, 
a single-cysteine mutant previously shown to retain wild 
type activity (Wilson et al. 2000) was generated by mutating 
all wild-type cysteines to serines (C51S C201S C257S) and 
engineering an additional S167C mutation into RF1 domain 
2 using the Quikchange Mutagenesis Kit (Stratagene). 

Other single-cyteine constructs, including A200C and 
T198C, can be generated in the manner described above. 
Other double-cysteine constructs can also be generated in 
the manner described above. 

Example 6 

Generation of eRF1 Mutants 

Bacterial release factor 1 (RF1) and eukaryotic RF1 
(eRF1), which share no overall sequence homology, have a 
similar L shape characteristic of tRNAs. This enabled struc 
tural alignment of RF1 and eRF1, as follows: for bacterial 
RF1, a recent structure of Thermus thermophilus RF1 bound 
to the 70S ribosome (PDB code 3D5A) (Laurberg et al. 
2008); for eukaryotic RF1 was used, a recent structure of 
Homo sapiens eRF1 in complex with eRF3 (PDB code 
3E1Y) (Cheng et al. 2009) was used. Using Swiss-Pdb 
Viewer (Guex et al. 1997), structural alignment of RF1 and 
eRF1 was guided by fitting the following three selected 
sequences (all mention of bacterial RF1 amino acid residues 
uses numbering from Escherichia coli, mention of eRF1 
amino acid residues uses numbering from H. sapiens unless 
otherwise noted): 

1) Universally conserved GGO motifs (233-235 in RF1, 
183-195 in eRF1): 

2) Stop-codon recognition motifs (188PAT 190 in RF1, 
62IKS64 in eRF1): 

3) A284 in RF1 and E269 in eRF1. 
After modeling in the positions of mutations previously 

made to generate single-cysteine E. coli RF1 mutants, 
potential single-cysteine eRF1 constructs in H. sapiens, 
Schizosaccharomyces pombe, and Saccharomyces cerevi 
siae were selected by first identifying wild-type cysteine 
residues needing to be mutated out, and generating align 
ments of protein sequences for both H. sapiens eRF1 and S. 
pombe/S. cerevisiae with ~250 other related sequences using 
BLAST (Altschul et al. 1990). These alignments and the 
structural model were used to identify amino acid residues 
of interest for fluorophore conjugation, paying close atten 
tion to: proximity to previously identified high-interest 
regions in E. coli RF1; degree of conservation of target 
residues based on the sequence alignments; and extent of 
Solvent accessibility according to the structural model. 
The following mutations in eRF1 were identified on the 

basis of the above criteria. In cases where eRF1 mutations 
from separate species are listed together, they are presented 
in the order H. sapiens/S. pombe/S. cerevisiae. 
Mutation of H. sapiens eRF1 Wild-Type Cysteine Residues: 
C97T (medium conservation) 
C127S (high/total conservation) 
C302V (medium/low conservation) 
C335N (low conservation) 
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Mutation of S. pombe (Chromosome I) eRF1 Wild-Type 
Cysteine Residues: 
C24A (medium conservation) 
C94T (medium conservation) 
C124S (high/total conservation) 
C299V (medium conservation) 
C319V (medium conservation) 

Mutation of S. cerevisiae eRF1 Wild-Type Cysteine Resi 
dues: 
C94T (medium conservation) 
C124S (high/total conservation) 
C245A (low conservation) 
C299V (medium conservation) 

Mutations to Mirror E. coli S229C Mutation (Vicinity of 
GGQ Motif): 

Mutations to Mirror E. coli C257/E256C Mutations (Vi 
cinity of GGO Motif): 

S154C/H151C/Q151C 
Mutations to Mirror E. coli S167C Mutation (Elbow 
Region): 
N121 CFN118C/N 118C 

T137CFA134C/S134C 
Mutations to Mirror E. coli S192C Mutation (Vicinity of 
Stop Codon Recognition Motif): 

L69C/L66C/L66C 
Mutations to Mirror E. coli C2O1/A200C/T 198C Mutations 
(Vicinity of Stop Codon Recognition Motif): 

L126CFL123 CFL123C 

Example 7 

Fluorescent Labeling of Translation Factors 
Involved in Termination and Recycling 

Single-cysteine S167C RF1 and RF1Ad1 mutants were 
reacted with a -20-fold molar excess of Cy5-maleimide (GE 
Healthcare) overnight at 4°C. in Protein Labeling Buffer 
(100 mM Tris-OAc, pH 7.0, 50 mM KC1, 1 mM 
tris(2-carboxyethyl)phosphine hydrochloride). The reaction 
was subsequently injected onto a 60 cm HiLoad Superdex 
75 gel filtration column (GE Healthcare) pre-equilibrated 
against Gel Filtration Buffer (20 mM Tris-C1, pH, -7.5, 
100 mM KC1, 10 mM 2-mercaptoethanol), and separated 
RF1/RF1Ad1 from unreacted dye by elution with 1.5 col 
umn volumes of Gel Filtration Buffer running at a flow rate 
of 1 ml min' (FIG. 4B). RF1, RF1Ad1, and unreacted dye 
was eluted at 59, 65, and 113 minutes, respectively. Protein 
fractions were concentrated and exchanged into Buffer A 
(100 mM NaHPO, pHss -7.0, 1 M (NHA)SO), and the 
sample was Subsequently injected onto a TSKgel Phenyl 
5PW hydrophobic interaction column (Tosoh Bioscience) 
pre-equilibrated against Buffer A. Cy5-labeled RF1/RF1Ad1 
was separated from unlabeled RF1/RF1Ad1 by elution with 
a Buffer B (100 mM NaHPO, pHs -7.0) gradient 
extending from 0% to 100% over 60 minutes running at a 
flow rate of 1 milmin' (FIG. 4C). RF1, RF1Ad1, RF1(Cy5), 
and RF1Ad1 (Cy5) eluted at 38%, 35%, 68%, and 70% 
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Buffer B, respectively. This purification procedure yields 
100% homogenously-labeled RF1 (Cy5)/RF1Ad1 (Cy5). 
L1 (Cy5) ribosomes and Phe-(Cy3)tRNAPhe were pre 

pared as described in Example 3. Fluorescent release factor 
was prepared as described herein, by mutagenizing E. coli 
RF1 to contain a single cysteine at position 167 within 
domain 2. This mutant RF1 demonstrates peptide release 
activity comparable to wild-type RF1 (Wilson et al. 2000). 
Purified single-cysteine RF1 was reacted with Cy5-maleim 
ide and separated from unreacted dye by gel filtration; 
further separation of unlabeled RF1 using hydrophobic 
interaction chromatography generated 100% homoge 
neously-labeled RF1 (Cy5) (FIG. 4). Purified translation 
factors were shown to be greater than 95% pure as assayed 
by 10% SDS-polyacrylamide gel electrophoresis (FIG. 4A). 
The thiol groups on purified single-cysteine RF1 mutants 
and on wild-type RRF, which contains a single cysteine 
residue, were then labeled with a malemide-derivatized Cy5 
fluorescent dye according to the manufacturer's directions 
(GE Biosciences, Inc.). (Cy5)RF1s and (Cy5)RRF were then 
separated from unreacted Cy5-maleimide by gel filtration 
chromatography and further purified from unlabeled RF1 or 
RRF by hydrophobic interaction chromatography (FIG. 4C). 
The procedure yields site-specifically 100% Cy5-labeled 
RF1S and RRF. 

In addition to the single-cysteine RF1 mutants, a com 
parison of the closed (Blanchard et al. 2004a: Shin et al. 
2004) and open (Petry et al. 2005) forms of RF1 was used 
to generate a double-cysteine RF1 mutant, S192C/S229C 
(FIG. 5). This double-cysteine RF1 mutant was reacted with 
equal amounts of Cy3- and Cy5-maleimide, free dyes were 
separated from RF1 using gel filtration chromatography, and 
doubly-labeled RF1 was separated from unreacted and sin 
gly-labeled RF1 using hydrophobic interaction chromatog 
raphy. 

Example 8 

RF1 and RF3 Activity Assays 

Standard peptide release assay was used to show that 
RF1 (Cy5) demonstrates stop codon-dependent peptide 
release activity that is indistinguishable from wild-type RF1 
(FIG. 6). Radioactive RCs were formed following a similar 
protocol as with RC1 but using 14CPhe-tRNAPhe during 
the elongation step rather than Phe-(Cy3)tRNAPhe. The 
resulting complexes contain an 14C-labeled dipeptide at 
the P site. Additionally, instead of sucrose density gradient 
ultracentrifugation, RCs were separated from free GTP and 
GDP by buffer exchange into fresh Tris-polymix buffer, 5 
mM Mg(OAc) using two successive Micro Bio-Spin 30 
chromatography columns (Bio-Rad Laboratories). RCs were 
then aliquoted and frozen in liquid nitrogen, and stored at 
-80° C. RCs were -85% active in peptide bond formation, 
as determined by the efficiency of deacylating P-site fMet 
14CPhe-tRNAPhe with the antibiotic puromycin. 
Wild-type RF1, RF1 (Cy5), RF1Ad1, and RF1Ad1 (Cy5) 

were tested for peptide release activity (Freistroffer et al. 
1997), and the proportion of active RF1 was estimated for 
each individual construct by single-round dipeptide release 
in the presence of excess RF3 without guanine nucleotide 
(Zavialov et al. 2001). Briefly, RCs and RF1 (with RF3) 
were pre-incubated separately for 1 minute at 37° C., and 
then mixed and reacted at 37° C. for 1 minute. Reactions 
were quenched by adding an equal volume of ice-cold 25% 
formic acid, and after a 15 minute incubation on ice. The 
14C-labeled dipeptide released into solution can be sepa 
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rated from unreacted, (i.e. ribosome associated) 14C 
labeled dipeptide by pelleting the ribosome with formic 
acid. Precipitated components were separated from any 
released dipeptide by microcentrifugation at 14,000xg. The 
extent of peptide hydrolysis was determined by measuring 
the radioactivity in both the pellet and supernatant with 
Scintilation counting, Subtracting the amount of background 
peptide release from a buffer reaction control, and using a 
calibration curve to deduce the molar amount of dipeptide 
released based on the counts per minute (cpm). A negative 
control, addition of buffer in place of RF1, yields very little 
14C associated with the Supernatant whereas a positive 
control, addition of the antibiotic puromycin in place of 
RF1, yields almost quantitative release of 14C into the 
Supernatant. 

Percent activities, calculated as the amount of dipeptide 
released divided by the amount of RF1 in the reaction, were 
30-40% for wild-type RF1 and RF1(Cy5), and -10% for 
RF1 Ad1 and RF1Ad1 (Cy5). The stop-codon dependence of 
RF1-catalyzed peptide release was tested by reacting RF1 
with RCs stalled on a lysine codon (AAA) at position three 
instead of a stop codon (UAA). No dipeptide release was 
detected above background for any of the RF1 constructs. 
RF1 concentrations given in captions for FIG. 7 and FIG. 8 
correspond to active concentrations. The release activities of 
wild-type and all (Cy5)RF1 variants is dependent on the 
presence of a stop-codon at the A site (FIG. 6). This 
biochemical assay can also be used to test the activity of 
doubly-labeled RF1. 
RF3 activity was tested by following the extent of peptide 

release in cases where RF1 was limiting and RF3 was 
required to actively recycle RF1, thereby enabling multiple 
turnover (Zavialov et al. 2001). Reactions were performed 
as described, with two exceptions: when present, GDP, GTP. 
or GDPNP was added to the RF1/RF3 mix during the 1 
minute pre-incubation, and upon adding the RF1/RF3/ 
nucleotide mix to RCs, reactions were incubated for 10 
minutes. FIG. 8 demonstrates that RF3 exhibits the proper 
nucleotide dependence in recycling RF1. 

Example 9 

RRF Activity Assay 

RRF was tested for its ability to split 70S ribosomes into 
30S and 50S subunits, as detected by sucrose density gra 
dient ultracentrifugation (Hirokawa et al. 2005). Briefly, 
reaction mixtures consisting of 0.2 Mtightly-coupled 70S 
ribosomes and a combination of 20 LM RRF, 20 uM EF-G, 
5 uMIF3 and 0.5 mM GTP were reacted for 20 minutes at 
37° C. in Tris-polymix buffer, 6 mM Mg(OAc). After a 
brief incubation on ice, reaction mixtures were Subsequently 
onto a 10%-40% sucrose density gradient in the same 
Tris-polymix buffer, followed by ultracentrifugation in an 
SW40 rotor (Beckman Coulter) at 25,000 rpm for 12 hours 
at 4° C. Gradients were analyzed by monitoring the absor 
bance at 254 nm with a gradient analyzer (Brandel). The 
extent of 70S dissociation under the conditions described 
herein is shown in FIG. 9 (Hirokawa et al. 2005). 

Example 10 

Ribosomal Release Complex Formation and 
Purification 

Two RCs were enzymatically prepared using the fluores 
cent reagents (see Example 7) in a highly-purified in vitro 
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translation system (FIG. 2D). RC1 comprises a wild-type 
ribosome, 5'-biotinylated mRNA, fMet-Phe-(Cy3)tRNA 
in the P site, and an empty A site programmed with a UAA 
stop codon. RC2 was prepared identically to RC1 with the 
exception that L1 (Cy5) ribosomes were used in place of 5 
wild-type ribosomes. 

Release complexes 1 and 2 (RC1 and RC2) were prepared 
in Tris-polymix buffer (50 mM Tris-OAc, pH, -7.0, 100 
mM KC1, 5 mM NHOAc, 0.5 mM Ca(OAc), 0.1 mM 
EDTA, 10 mM 2-mercaptoethanol, 5 mM putrescine, and 1 
mM spermidine), 5 mM Mg(OAc), in three steps. In the 
first step, wild-type (RC1) or L1 (Cy5) (RC2) ribosomes 
were incubated with initiation factors, fMet-tRNA''' and 
an mRNA containing a 3'-biotinylated DNA oligonucleotide 
pre-annealed to its 5' end to enzymatically form an initiation 
complex. This initiation complex was then put through one 
elongation cycle by adding EF-Tu(GTP)Phe-(Cy3)tRNA 
and EF-G(GTP), at which point ribosomes became stalled at 
the stop codon residing at the third codon position within the 
mRNA. The efficiency of this elongation step is approxi 
mately 95%, as deduced from a standard primer extension 
inhibition assay (Fei et al. 2008). Finally, the resulting 
ribosomal RCs were separated from free mRNA, translation 
factors, and aa-tRNAS by Sucrose density gradient ultracen 
trifugation in Tris-polymix buffer at 20 mM Mg(OAc), as 
previously described (Blanchard et al. 2004b). 

Example 11 

Single-Molecule Experiments 

RCs assembled on a biotinylated mRNA were immobi 
lized on the surface of a streptavidin-derivatized quartz, flow 
cell and visualized with single-molecule resolution using a 
total internal reflection fluorescence microscope. RC surface 
immobilization strategy and lab-built total internal reflection 
fluorescence (TIRF) microscope are described in FIG. 10. 
Experiments were performed at room temperature in Tris 
polymix buffer at 15 mM Mg(OAc), supplemented with an 
oxygen-Scavenging system (300 ugml glucose oxidase, 40 
Lig ml catalase and 1% (w/v)(B-D-glucose). In addition, 1 
mM 1,3,5,7-cyclooctatetraene (Aldrich) and p-nitrobenzyl 
alcohol (Fluka) was added to all buffers in order to quench 
a long-lived, non-fluorescent triplet state sampled by the 
Cy5 fluorophore. The oxygen-Scavenging and triplet state 
quencher systems have no effect on the in vitro translation 
system used herein (Gonzalez et al. 2007: Blanchard et al. 
2004b). 

Quartz microscope slides were cleaned and Subsequently 
derivatized with a mixture of polyethyleneglycol (PEG) and 
PEG-biotin in order to passivate the surface (Blanchard et al. 
2004b). Just prior to data acquisition, slides were treated 
with streptavidin, allowing immobilization of ribosomal 
RCs bound to an mRNA with a 3'-biotinylated DNA oligo 
nucleotide pre-annealed to its 5' end. SmFRET data was 
collected with a wide-field, prism-based total internal reflec 
tion fluorescence microscope utilizing a 150 mW diode 
pumped 532 nm laser (Crystallaser) operating at 24 mW for 
Cy3 excitation, a 25 mW diode-pumped 643 nm laser 
(Crystallaser) operating at 19 mW for direct Cy5 excitation, 
a Dual-View multi-channel imaging system (MAG Biosys 
tems) for separation of Cy3 and Cy5 fluorescence emissions, 
and a back-thinned charge-coupled device camera (Cascade 
II, Princeton Instruments) with 2-pixel binning and 50 ms 
exposure time for detection. Single ribosomal RCs were 
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46 
identified by characteristic single-fluorophore fluorescence 
intensities as well as single-step fluorophore photobleach 
ing. 

Example 12 

Selection of Single-Molecule FRET Trajectories 

Raw intensity data was analyzed with the Metamorph 
software suite (Molecular Devices). For RF1-tRNA 
smFRET experiments with RC1, molecules exhibiting Cy5 
fluorescence via FRET above a minimum threshold of 1000 
Arbitrary Units in frame one of each steady-state movie, 
denoting an RF1-bound RC, were selected for further analy 
sis. For L1-tRNA smFRET experiments with RC2, excited 
Cy5 was directly with the 643 nm laser in frame one, 
followed by excitation with the 532 nm laser in order to 
generate FRET. All molecules that exhibited Cy5 fluores 
cence via direct excitation in frame one were selected for 
further analysis. Acquired trajectories composed of a pair of 
Cy3 and Cy5 intensity versus time trajectories from single 
ribosomes, were then visually inspected. Trajectories exhib 
iting characteristic single-fluorophore fluorescence intensi 
ties and single-step fluorophore photobleaching were kept 
for further analysis. For all RRF and RF3(GDPNP) datasets, 
an automated selection algorithm was first utilized before 
visual inspection of the trajectories. This algorithm averages 
each trajectory over three data points, differentiates intensity 
with respect to time, and calculates the correlation coeffi 
cient for each Cy3/Cy5 pair. Trajectories with a negative 
correlation coefficient (anti-correlated) were kept for further 
analysis. Finally, all trajectories were required to last at least 
0.5 seconds (i.e. 10 frames) before photobleaching of either 
fluorophore. 
Cy3 and Cy5 fluorescence intensities were baseline cor 

rected in each trajectory by generating one-dimensional Cy3 
and Cy5 fluorescence intensity histograms from trajectories 
within each dataset, determining the intensity value of the 
most populated bin (which represents background noise 
intensity after fluorophore photobleaching), and then Sub 
tracting this value from all Cy3 and Cy5 intensity data points 
within every trajectory. Due to the imperfect performance of 
emission filters, the Cy3 signal bleed-through into the Cy5 
channel was experimentally determined to be ~9%. The Cy5 
intensity of each trajectory was corrected using this bleed 
through coefficient. SmFRET values for each Cy3/Cy5 data 
point were calculated using Is/(Ia+Ics), where Is and 
Is are the intensities of Cy3 and Cy5, respectively. 

Example 13 

RF1 and tRNA Conformational Dynamics. During 
Stop-Codon Recognition and Polypeptide Release 

smFRET data on (Cy5)RF1 binding to TCs harboring 
fMet-Phe-(Cy3)tRNAPhe at the P site and either a UAA-U 
stop codon or an AAA-C sense codon at the A site was 
collected. Binding of the S167C, S1920 and C257 (Cy5) 
RF1 variants to the RC generates steady state smFRET 
signals centered at 0.92, 0.78, and 0.78 FRET, respectively 
(FIGS. 11A-11C). The distances represented by these FRET 
values, 33 A (S167C), 41 A (S192C), and 41 A (C257) are 
in accord with distances measured from the low-resolution 
(-6A) crystal structure of RF1 bound to a RC (26 A, 49 A, 
and 37A, respectively (FIG. 5). These smPRET signals are 
dependent on the presence of the UAA-U stop codon. 
Analogous experiments using the AAA-C sense codon 
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yielded no observable smFRET signal for any of the three 
(Cy5)RF1 variants. Inspection of the individual smERET 
versus time trajectories (FIGS. 11A-11C, second row) shows 
that the smFRET signal in all three (Cy5)RF1 variants is 
stable, limited only by photobleaching of the Cy3 or Cy5 
fluorophores. This indicates that once pep-tRNA is deacy 
lated by RF1, neither RF1 nor P-site tRNA undergo large 
scale fluctuations in their relative orientations or their ribo 
some-bound conformations. This situation is in contrast to 
deacylation of pep-tRNA by peptidyl transfer to either 
aa-tRNA during elongation or puromycin; in these cases the 
tRNAS undergo large-scale conformational fluctuations 
between their classical and hybrid configurations (Kim et al. 
2007: Munro et al. 2007: Blanchard et al. 2004b). Polypep 
tide release by RF1 is therefore the only deacylation event 
in protein synthesis that does not result in large-scale con 
formational fluctuations of the newly deacylated-tRNA at 
the P site. 

Analogous experiments were performed in the presence 
of paromomycin, a neomycin-class aminoglycoside antibi 
otic that very strongly inhibits polypeptide release at a stop 
codon (Youngman et al. 2007; Youngman et al. 2006; Brown 
et al. 1993). Delivery of (Cy5)RF1 to TCs carrying a 
UAA-U stop codon in the A site in the presence of paro 
momycin yielded differential effects for the three (Cy5)RF1 
variants (FIGS. 11D-11F). The S167C variant, reporting on 
the core domain of RF1, yielded a typical number of 
smFRET traces per field-of-view on the microscope. These 
traces predominantly sample a 0 FRET state with multiple 
transient excursions per trace to a FRET value centered at 
0.86 FRET. This result is in agreement with that measured 
in the absence of paromomycin (0.92 FRET). 

Dwell time analysis of the 0.86 FRET state yields an 
average lifetime of 0.59+0.09 sec. The C257 variant, report 
ing on the GGO domain, yielded fewer smFRET traces per 
field-of-view. These traces predominantly sample a 0 FRET 
state, with much fewer transient excursions per trace to a 
FRET value centered at 0.73 FRET. This result is in agree 
ment with that measured in the absence of paromomycin 
(0.78 FRET). Dwell time analysis of the 0.73 FRET state 
yields a lifetime of 0.38+0.02 sec, approximately twice as 
short as the lifetime of the S167C variant. The S192C 
variant, reporting on the PVT domain, yielded a very low 
number of smFRET traces, indicating that this is a rare 
event. The rare traces that are observed almost exclusively 
sample a 0 FRET state, with only single transient excursions 
per trace to a higher FRET value. Although the number of 
events is too low to accurately reportan average FRET value 
or lifetime, the FRET values observed are consistent with 
the 0.78 FRET measured in the absence of paromomycin 
and the lifetime of these events is significantly shorter than 
0.38-0.02 sec lifetime measured for the C257 variant. 
Analogous experiments using the AAA-C sense codon in the 
presence of paromomycin yielded no detectable smFRET 
signals for any of the three (Cy5)RF1 variants. 
The stop-codon dependent observation of smFRET sig 

nals in the presence of paromomycin demonstrates that the 
ribosome and/or RF1 can recognize the presence of the 
highly efficient UAA-U stop codon at the A site even in the 
presence of paromomycin. These results demonstrate that 
the 0/0.86 FRET transitions of S167C report on the overall 
binding (0.86 FRET) and dissociation (0 FRET) of RF1 to 
the RC. In contrast, the 0/0.73 FRET and 0/0.78 FRET 
transitions of C257 and S192C report on docking (0.73 and 
0.78 FRET) and undocking (OFRET) of the GGQ and PVT 
domains of RF1 into the PTC and the DC, respectively. 
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Given that experiments using identically mutated and 

similarly derivatized RF1 variants have equal binding effi 
ciencies of all three (Cy5)RF1 variants to the RC (Wilson et 
al. 2000), the relative lifetimes of the three domains 
(PVT-GGQ<core) of RF1 are consistent with a model in 
which paromomycin allows recognition of the stop codon by 
the ribosome and/or RF1, but blocks the PVT domain of RF1 
from making the full set of interactions at the DC. While the 
ribosome and/or RF1 is able to undergo the necessary 
conformational changes that lead to placement of the GGO 
domain of RF1 into the PTC, the full set of interactions 
between the GGO domain and the PTC are also not made. 
This is direct evidence for allosteric coupling of stop codon 
dependent RF1 interactions at the DC and stable docking of 
RF1 at PTC during termination. As the conformational 
change depicted in FIG. 12 is a candidate for allosteric 
signaling, this model will be tested by making mutations at 
the “hinge' within the core domain of RF1. 

Failure of RF1 to make these stabilizing contacts at the 
PTC inhibits polypeptide release and ultimately leads to 
dissociation of RF1 from the RC (with most of the stabi 
lizing contacts having been made only by the core domain 
of RF1). Further experiments using different stop codons, 
near-stop codons, and stop-codon contexts in the absence 
and presence of paromomycin can also be performed. Simi 
lar experiments can be performed to determine how paro 
momycin, and similar drugs, confer the ability of RF1 to 
distinguish between premature stop codons and natural stop 
codons using stop-codon context. 

For example, steady-state SmFRET experiments using 
mRNAs where the UAA-U stop codon (the highest effi 
ciency stop codon in the highest efficiency stop-codon 
context) is mutated to UAG-C (the most inefficient RF1 stop 
codon in the most inefficient codon context) and UAU-C 
(the near-stop codon with the highest efficiency of RF1 
misreading and premature termination) can be performed. 
These studies are performed in the presence and absence of 
paromomycin and the lifetimes of all three (Cy5)RF1 vari 
ants are measured under all conditions. This analysis pro 
duces a complete data set of lifetimes reporting the stabili 
ties of the various domains of RF1 within these various stop 
codons and stop-codon contexts. This analysis will also 
demonstrate the effect paromomycin has on each of these 
lifetimes. These data will further develop the mechanistic 
model for stop codon recognition by the RC and/or RF1 and 
allosteric communication between the DC and the PTC 
during termination. 

Eight mRNAs encoding both RF1 stop codons: UAA-X 
and UAG-X, where X is varied to all four nucleotide 
possibilities will be constructed to directly observe the effect 
of stop-codon context on paromomycin inhibition of peptide 
release. This analysis will demonstrate the mechanism 
through which paromomycin, and other aminoglycosides 
and Small molecule drugs, inhibit polypeptide release spe 
cifically at premature stop codons. 

Example 14 

RF1 Remains Bound to RC post-Hydrolysis 

Incubation of surface-immobilized RC1 with 5 nM RF1 
(Cy5) generates steady-state smFRET versus time trajecto 
ries that sample a single FRET state centered at 0.94+0.01 
FRET (FIG. 13). Although the smFRET studies described 
herein focus on relative distance changes, the observed 0.94 
FRET value, corresponding to a distance of ~32-38 A 
(assuming Ro-50-60 A) (Holing et al. 2004; Bastiaens et al. 
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1996), is in agreement with the about 23 A distance mea 
sured between the points of attachment of the fluorophores 
in an X-ray crystal structure of RF1 bound to an RC 
(Laurberg et al. 2008). As a control, incubation of 5 nM 
RF1 (Cy5) with an analogous complex containing a sense 
codon (AAA) at the A site yielded no detectable smFRET 
signal. Inspection of individual trajectories (FIG. 13) shows 
that the 0.94 FRET state is long-lived, with a lifetime limited 
only by fluorophore photobleaching (FIG. 14). This result 
demonstrates that after hydrolysis, RF1 remains stably 
bound to RC1. This result is consistent with previous 
biochemical studies (Zavialov et al. 2002). The 0.94 FRET 
state undergoes no detectable fluctuations to additional 
FRET states within the time resolution use din this analysis 
(20 frames s'). Given the large displacement (~40A) of the 
central-fold domain, or elbow, of the P-site tRNA during the 
classical->hybrid transition (Agirrezabala et al. 2008), this 
shows that deacylation of P-site tRNA by RF1 does not 
result in thNA movements between the classical and hybrid 
binding configurations. This result is in contrast to the 
analogous situation in a pretranslocation elongation com 
plex (Kim et al. 2007: Munro et al. 2007: Blanchard et al. 
2004b). This result does not exclude the possibility that 
tRNA movements are not result in an observable FRET 
change. 

Example 15 

Dwell-Time Analyses 

Standard procedures for data analysis are schematized in 
FIG. 15. Individual smFRET traces can be analyzed to 
obtain the dwell times prior to undergoing a transition. For 
example, the cartoon smFRET trace shown in FIG. 15A 
depicts a number of dwell times encompassing RF1 binding 
(t1), establishment of the RF1-tRNA interaction (t2), a 
number of sampled intermediate states (t3, tA), steady-state 
fluctuations between smFRET states (t5, té), and, assuming 
RF1 dissociation is faster than dye photobleaching, possibly 
a dwell time for dissociation of the RF1 (t7). As an example, 
t5 and to would correspond to the GS1-GS2 dynamic 
equilibrium, which is modulated by RF1, RF3, and RRF 
during termination and recycling (FIG. 16). Initial analysis 
of the number of FRET states and populations sampled in 
the individual traces is obtained by plotting a 1D FRET 
population histogram or the time evolution of the population 
FRET (FIG. 15B). A key feature of the time evolution of the 
population FRET plot is that the data has been post-syn 
chronized. 

Individual RF1s will bind a RC with a unique dwell time 
(t1); this leads to a marked heterogeneity in the onset of 
FRET among all the traces. By post-synchronizing the data 
to the first detected FRET value, the heterogeneity in t1 can 
be eliminated and the time evolution of the population FRET 
upon RF1 binding, as shown in the idealized plot in FIG. 
15B, can be analyzed. This ability to post-synchronize the 
data set to any FRET value of interest is an attribute of 
single-molecule analysis and is a powerful way of synchro 
nizing a population of molecules to a particular state and 
directly observing their behavior upon transitioning out of 
that state. 

Hidden Markov analysis can then be used to generate 
idealized smFRET traces from the raw smFRET traces (Fei 
et al. 2008; Qin et al. 2000a: Qin et al. 2000b) (FIG. 15C). 
Hidden Markov analysis eliminates user bias in the data 
analysis by providing a statistically-based method for deter 
mining the number of FRET states that is best represented by 
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the raw traces. The idealized traces output by the hidden 
Markov analysis are then used to generate histograms of 
dwell times of individual FRET states which are exponen 
tially fit in order to determine the lifetime of each state (FIG. 
15D). Alternatively, hidden Markov analysis can also be 
used to directly provide a complete model, reporting not just 
the number of states, but also the average transition frequen 
cies and transition rates that best describe the acquired data. 
Regardless, the data analysis collectively provides the num 
ber of conformational states reported by the recorded 
SmFRET signal as well as the transition frequencies and 
transition rates between these conformational States. Spe 
cific examples of the successful application of all of the 
above general data analysis methods to studies of the 
conformational dynamics of protein synthesis can be found 
in previously published literature (Fei et al. 2008; Gonzalez 
et al. 2007: Dorywalska et al. 2005; Blanchard et al. 2000a: 
Blanchard et al. 2000b). 
The rates of GS1->GS2 (kiss) and G52->GS1 

(ks is) transitions for each dataset were determined as 
follows. Individual, fluctuating SmFRET, trajectories 
were fitted to a hidden Markov model using the HaMMy 
software suite (McKinney et al. 2006) with an initial guess 
of 5 states. The resulting idealized trajectories were filtered 
such that transitions occurring with either a change in FRET 
of less than 0.1 or lasting only a single frame were discarded. 
Dwell times spent in GS1 were then extracted before under 
going a transition to GS2 and dwell times spent in GS2 
before undergoing a transition to GS1 from the idealized 
smFRET trajectories as follows. 

For each dataset, one-dimensional smFRET histograms 
were plotted from the first 0.5 seconds (i.e. 10 frames) of all 
traces and fit with two Gaussian distributions, centered at 
0.16 for GS1 and 0.76 for GS2, using Origin 7.0. Thresholds 
corresponding to the GS1 and GS2 FRET states were then 
set using the full width at half height of the Gaussian 
distributions. One-dimensional histograms of the time spent 
in GS1 and GS2 before undergoing a transition were plotted, 
and the corresponding GS1 and GS2 lifetimes were deter 
mined by fitting each histogram to a single-exponential 
decay. Dwell times resulting from the first and last transi 
tions within each trajectory were not included in this analy 
sis due to the arbitrary onset of data collection and the 
stochastic nature of the photobleaching event. The thresh 
olds were Subsequently increased and then decreased by 
0.03 FRET (Fei et al. 2008), and the analyses were repeated 
in order to test the sensitivity of the calculated lifetimes to 
the choice of thresholds. The sensitivity to threshold values 
were found to be minimal, and the average lifetime value for 
each dataset was determined using the data obtained from 
these three sets of thresholds. Finally, kes is and 
kiss were calculated by taking the inverse of the GS1 
and GS2 lifetimes, respectively, and applying corrections to 
account for premature truncation of fluctuating trajectories 
caused by photobleaching and the finite nature of the obser 
Vation time. 

Example 16 

Corrections to kosos and kos2 -csi 

Measured rates for GS1->GS2 (kiss) and 
GS2->GS1 (kiss) transitions are systematically over 
estimated because all fluctuating smFRET trajectories for L1 
stalk-tRNA FRET signal were prematurely truncated by 
either Cy3 or Cy5 photobleaching or, more rarely, by the 
length of observation time (60 seconds) (Bartley et al. 2003). 
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To account for the rates of photobleaching and the limited 
observation time, a uniform correction was applied to all 
observed values forkos osts and kos2 -osits using the 
following equations (Bartley et al. 2003): 

KGS1-GS2 kgSI-GS2.obs-photobleach.GS1-1/T 

KGS2-GS1 kgS2-GS1 obsehotobleach.GS21/T 
where kphotobleach.GS1 and kphotobleach.GS2 are the photo 
bleaching rates from the FRET states corresponding to GS1 
and GS2, respectively, and T is the observation time (60 
seconds). ketos was measured by averaging the 
rate of photobleaching for stable 0.16 smFRET trajectories 
from the following datasets: RC2+RF1, RC2. 
RC2+RF3(nucleotide free), and RC2+RF3 (GDP). 
kios was measured by averaging the rate of 
photobleaching for stable 0.76 FRET trajectories from 
the following datasets: RC2+50 uM RRF, RC2+ 
1 uM RF3(GDPNP), and RC2p.+5 uM RF3(GDPNP). 
kphotobleach.GS1 and kphotobleach.GS2 was determined to be 
0.05+0.01 s' and 0.29+0.03 s, respectively. All values for 
kos, -cs and kos2 -cs given in the text and figures cor 
respond to corrected rates. 

Example 17 

RF1 and RF3 Direct the GS1-GS2 Equilibrium 
During Termination 

As described herein, RF1-tRNA smFRET signals reveal 
stable FRET states, indicating that neither the newly deacy 
lated-tRNA nor RF1 undergo large-scale fluctuations in their 
relative orientations or ribosome-bound conformations. 
Classical-hybrid tRNA equilibrium is directly coupled to the 
GS1-GS2 equilibrium during elongation (Fei et al. 2008). To 
determine whether RF1 also has an effect on the GS1-GS2 
equilibrium, TCs were prepared using Cy5-labeled ribo 
somes (labeled at ribosomal protein L1 within the L1 stalk 
of the 50S subunit) (Fei et al. 2008) and fMet-Phe-(Cy3) 
tRNAPhe, in order to test the effect of RF1 on the GS1-GS2 
equilibrium. In accord with the RF1-tRNA smFRET data, 
deacylation of pep-tRNA by RF1 blocks the GS1-to-GS2 
transition that is typically observed upon deacylation of 
pep-tRNA by aa-tRNA or puromycin (FIGS. 16A and 16B) 
(Fei et al. 2008). Binding of RF1 to TCs that have been 
deacylated with puromycin and have established the GS1 
GS2 equilibrium leads to RF1-dependent stabilization of 
GS1 and block the GS1-to-GS2 transition. Because the 
GS1-to-GS2 transition is a spontaneous property of the 
ribosome that is triggered upon deacylation of P-site pep 
tRNA and driven solely by thermal fluctuations (Fei et al. 
2008), blocking of the intrinsic GS1-to-GS2 transition by 
RF1 can be an important mechanistic feature of RF3 
catalyzed dissociation of RF1 from the RC. To this end, the 
effect of RF3 binding to a post-hydrolysis RC in the pres 
ence of a GDP as well as a non-hydrolyzable GTP analog, 
GDPNP was examined. RF3 binding to a post-hydrolysis 
RF1-containing RC in the presence of GDP yields data that 
is indistinguishable from that observed for RF1 alone (FIG. 
16B). 

Relative to RF1 binding, RF3 binding in the presence of 
GDPNP has an orthogonal effect on the GS1-GS2 equilib 
rium, strongly stabilizing the GS2 and blocking the GS2 
to-GS1 transition (FIG. 16C). These results show that RF3 
in the GDP form binds to GS1 carrying a deacylated-tRNA 
at the Psite and RF1 at the A site. Upon GDP/GTP exchange, 
RF3 destabilizes the binding of RF1 to the A site enough 
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such that the GS1-to-GS2 transition is no longer effectively 
blocked by RF1 and is allowed to proceed. The GS1-to-GS2 
transition further destabilizes RF1 binding to the ribosome 
and leads to its dissociation. Upon GTP hydrolysis RF3 
(GDP) has low affinity for GS2 and dissociates from the 
ribosome thereby establishing the GS1-GS2 equilibrium in 
the PoTC substrate that will now be recognized by RRF. 

Example 18 

RF1 Blocks GS1->GS2 Transitions within a 
Post-Hydrolysis RC 

To directly investigate the effect of RF1 on conforma 
tional dynamics of both the P-site tRNA and L1 stalk, the 
GS1 (SGS2 equilibrium was monitored using the 
smFRET, signal within RC2. Prior to RF1-catalyzed 
peptide release, the majority of RC2 trajectories (~87%) 
sample a single FRET state centered at 0.16+0.01 FRET 
(FIG. 17A). This result is consistent with results observed in 
posttranslocation elongation complexes (Fei et al. 2008), 
which also carry a peptidyl-tRNA at the Psite and an empty 
A site. Of the remaining trajectories, 1% sample a single 
FRET state centered at 0.76+0.01 FRET, reporting on GS2, 
and 12% exhibit fluctuations between 0.16 and 0.76 FRET: 
these latter two Subpopulations represent ribosomes whose 
P-site peptidyl-tRNA was prematurely deacylated during 
RC2 preparation, thereby enabling transitions to GS2. 

Addition of 1 uM RF1 to surface-immobilized RC2 
generates no Substantial change in the SmFRET signal 
(FIG. 17B), demonstrating that RF1-catalyzed deacylation 
of P-site peptidyl-tRNA via hydrolysis does not result in 
GS1->GS2 transitions. This result is in agreement with 
SmFRET data. A slight shift in the relative occupan 
cies of smFRET subpopulations was observed such that 98% 
of the trajectories now sample stable 0.16 FRET compared 
to 87% in the absence of RF1 (the remaining 2% of 
trajectories show rare fluctuations to 0.76 FRET). Thus, 
even fluctuating smFRET trajectories resulting from the 
premature deacylation of peptidyl-tRNA during RC2 prepa 
ration were converted to stable 0.16 smFRET trajectories in 
the presence of RF1. This result shows that RF1 binding 
alone can block GS1->GS2 transitions independently of the 
actual deacylation event. 
To confirm these results, peptidyl-tRNA was deacetylated 

by pre-treating RC2 with puromycin (RC2). The major 
ity of RC2 trajectories (-63%) fluctuate between 0.16 
and 0.76 FRET (FIG. 17C), reporting on spontaneous and 
reversible transitions between GS1 and GS2. The remaining 
trajectories either failed to undergo the puromycin reaction 
or exhibited fluorophore photobleaching directly from 0.16 
or 0.76 FRET before undergoing a fluctuation. The latter 
observation indicates that GS1-sGS2 and GS2->GS1 tran 
sition rates extracted from dwell-time analysis of these data 
will be slightly overestimated due to the premature trunca 
tion of the trajectories. After correcting for photobleaching 
kinetics and the finite experimental observation time (Munro 
et al. 2007), dwell-time analysis of RC2, data yielded 
GS1->GS2 and GS2->GS1 transition rates (ks is and 
kiss) of 0.52+0.03 s and 1.36+0.03 s', respectively 
(FIG. 18). 

Addition of 1 LM RF1 to surface-immobilized RC2, 
strongly perturbs the GS1 (SGS2 equilibrium (FIG. 17D), 
such that the majority (85%) of the trajectories now exhibit 
stable 0.16 FRET. Addition of RF1 to RC2 generates an 
SmFRET signal that is virtually indistinguishable 
from that observed for non-puromycin reacted RC2 in the 
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absence or presence of RF1 (compare FIG. 17D to FIGS. 
17A, 17B). In all three cases, measurement of the actual 
lifetime spent in the 0.16 FRET state is limited by fluoro 
phore photobleaching, demonstrating that intermolecular 
RF1-ribosome and/or intramolecular ribosome-ribosome 
interactions, established upon tight binding of RF1 to the 
post-hydrolysis RC, block the GS1->GS2 transitions that 
would otherwise occur spontaneously in a ribosomal com 
plex carrying a deacylated tRNA at the Psite. Thus, whereas 
deacylation of P-site tRNA via peptidyltransfer to A-site 
aa-tRNA shifts the GS1 (SGS2 equilibrium towards GS2 in 
anticipation of EF-G (Fei et al. 2008), deacylation of P-site 
tRNA via RF1-mediated hydrolysis locks the RC in GS1 in 
anticipation of RF3. 

Example 19 

RF1 Domain 1 is Expendable for Blocking 
GS1->GS2 Transitions 

RF1 domains 2-4 occupy the A site in a manner that is 
spatially analogous to a classically-bound tRNA (Laurberg 
et al. 2008; Rawat et al. 2006: Petry et al. 2005), whereas 
domain 1 protrudes out of the A site, spanning the gap 
between the “beak' domain of the 30S subunit and the L11 
region of the 50S subunit (Laurberg et al. 2008). Direct 
contacts between RF1 domain 1 and both the 30S and 50S 
subunit have been observed crystallographically (Laurberg 
et al. 2008: Petry et al. 2005). To determine whether domain 
1-ribosome interactions provide the molecular basis for 
RF1's ability to block GS1->GS2 transitions, an RF1 
domain 1 deletion mutant (RF1Ad1) was prepared (Mora et 
al. 2003). RF1Ad1 (Cy5) was generated in the same manner 
as full-length RF1 (Cy5). Biochemical testing confirmed that 
RF1 Ad1 and RF1Ad1 (Cy5) can catalyze stop codon-depen 
dent peptide release. This activity was albeit slightly lower 
activity relative to full-length RF1 (Mora et al. 2003) (FIG. 
7). 
Shown in FIG. 19 are results of RC1, RC2, and RC2, 

experiments analogous to those reported in FIG. 13 and FIG. 
17, but with RF1Ad1 in place of full-length RF1. The results 
are virtually indistinguishable. The SmFRET1A sig 
nal, centered at 0.93+0.02 FRET, is stable and shows no 
evidence of fluctuations (FIG. 19A), showing that, like 
full-length RF1, RF1Ad1 remains stably bound to the post 
hydrolysis RC and prevents tRNA movements. Despite the 
absence of domain 1-ribosome interactions, RF1Ad1 blocks 
GS1->G52 transitions upon hydrolysis (FIG. 19B) and 
independently of the origin of the deacylation event (FIG. 
19C). These results show that RF1's ability to lock the RC 
in GS1 does not require domain 1. 

Example 20 

GTP Binding to RC-Bound RF3 Triggers the 
GS1->GS2 Transition 

Puromycin-reacted RC bound to RF3(GDPNP, a non 
hydrolyzable GTP analog) was a GS2-like conformation 
(Gao et al. 2007a). This structure provides a snapshot of the 
post-hydrolysis RC after RF1 dissociation but before GTP 
hydrolysis by RF3. The RF1 results described herein show 
that the target for RF3-mediated RF1 dissociation is a 
post-hydrolysis, RF1-bound RC locked in GS1. Prior to 
investigating the dynamics of an analogously prepared RC, 
purified RF3 was confirmed to exhibit guanine nucleotide 
dependent biochemical activity (Zavialov et al. 2001) (FIG. 
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8) and 1 uM RF3(GDPNP) was added to surface-immobi 
lized RC2. The results show that RF3(GDPNP) alters the 
relative occupancies of subpopulations observed with 
RC2 such that the majority (73%) of smFRET trajecto 
ries remain stably centered at 0.76 FRET (FIG. 20A). Unlike 
RF1, the GTP-bound form of RF3 locks a post-hydrolysis 
RC into GS2. Dwell-time analysis of the fluctuating sub 
population of smFRET trajectories (22%) revealed kinetics 
that were consistent with those of isolated RC2, indicat 
ing that this subpopulation of RC2 does not bind RF3 
(GDPNP) under the conditions used in this analysis. Con 
sistent with these results, increasing the RF3 (GDPNP) 
concentration causes a decrease in the occupancy of the 
fluctuating Subpopulation while kosi is and kos2 -csi 
remain relatively constant (FIG. 21). 
The SmRRET data show that the GS1->GS2 transition 

occurs at a point during or after binding of RF3(GDP) to the 
post-hydrolysis, RF1-bound RC, but before hydrolysis of 
GTP by RF3. To determine the GS1->GS2 transition within 
the termination pathway, steady-state smFRET experiments 
were performed by incubating surface-immobilized RC2 
with 1 uM RF1 to generate RC2 and Subsequently 
incubating RC2 with 1 uM RF3 in the absence or 
presence of the specified guanine nucleotide and 1 uMRF1. 
Biochemical data show that nucleotide-free RF3 forms a 
high-affinity complex with the RF1-bound RC (Zavialov et 
al. 2001) (FIG. 8), and the ability of binding of RF3(GDP) 
or nucleotide-free RF3 to RC2 to activate the GS1->GS2 
transition was examined. Both of these experiments generate 
steady-state smFRET data that is indistinguishable from data 
collected with RC2 alone (compare FIG. 20B, 20O with 
FIG. 17B), indicating that neither binding of RF3(GDP) to 
RC2, RC2-catalyzed exchange of GDP for exogenous 
GDP on RF3, nor the nucleotide-free RF3 intermediate elicit 
or involve the GS1->GS2 transition. 
The addition of RF3(GDP) to surface-immobilized 

RC2 was examined in the presence of a mixture of 10 LM 
GDP and 1 mM GTP. Because it was performed with 
saturating 1 uM RF1, this experiment is expected to yield a 
continuously recycling termination reaction (FIG. 2B), in 
which binding of GTP to RC-bound RF3 catalyzes RF1 
dissociation and subsequent GTP hydrolysis leads to RF3 
(GDP) dissociation (Zavialov et al. 2001), thereby enabling 
RF1 rebinding and a new round of RF3-mediated RF1 
dissociation. Individual smFRET trajectories exhibit clear 
evidence of one or more excursions to GS2 (FIG. 20D), 
demonstrating that the GS1->GS2 transition occurs exclu 
sively upon binding of GTP to RC-bound RF3. Because the 
transitions to GS2 are short-lived, events may be missed (for 
example, excursions to GS2 that are much shorter than the 
time resolution used herein). Thus, dwell-time analysis 
provides a lower limit of kisse3.7+0.6 s (FIG. 22), 
which is almost 3-fold faster thanks is for RC2, in 
the absence of RF1, RF3, and guanine nucleotide (1.36+0.03 
s'). This result shows that hydrolysis of GTP, dissociation 
of RF3 (GDP), and/or rebinding of RF1 can promote the 
GS2->GS1 transition. 

Example 21 

RRF Fine-Tunes the GS1 (sGS2 Equilibrium within 
a POTC 

Puromycin-reacted RCs yield PoTCs serve as natural 
substrates for RRF- and EF-G-catalyzed ribosome recycling 
(Karimi et al. 1999). After confirming the activity of purified 
RRF in a standard ribosome splitting assay (FIG. 9), 
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RC2, was used as a model PoTC with which to investi 
gate the effect of RRF binding on the GS1 (SGS2 equilib 
rium. In contrast to RF1 and RF3, RRF was observed to have 
only modest effects on the GS1 (SGS2 equilibrium and 
slightly stabilizing GS2 (FIG. 23A). Even with a large 
excess of RRF over surface-immobilized RC2 the rela As 

tive occupancies of smFRET subpopulations remained 
almost unchanged relative to RC2. As the RRF concen 
tration was increased, the dwell time spent in the 0.76 FRET 
state was extended, ultimately leading to a decrease in the 
occupancy of the fluctuating Subpopulation and an increase 
in occupancy of the stable 0.76 FRET subpopulation as the 
rate of photobleaching from the 0.76 FRET state began to 
limit observations of fluctuations to 0.16 FRET. However, 
even at concentrations as high as 50 uM RRF, individual 
smFRET trajectories still exhibited rare fluctuations to 0.16 
FRET. 
To more quantitatively probe the subtle effect of RRF on 

the GS1 (SGS2 equilibrium, one-dimensional smERET his 
tograms of the entire population of trajectories were plotted 
as a function of RRF concentration (FIG. 24). The areas 
under the peaks centered at 0.16 and 0.76 FRET report the 
equilibrium populations of GS1 and GS2, respectively. 
These plots show that the GS1 population decreases while 
the GS2 population increases as a function of increasing 
RRF concentration. Assuming that RRF can bind to both 
GS1 and GS2, a plot of the GS2/GS1 peak area ratio (K) 
vs. RRF concentration can be fit by the following binding 
isotherm in order to determine the equilibrium dissociation 
constants for RRF binding to GS1 (Ks) and GS2 
(Kaos) (Sarkar et al. 2007): 

where C is the GS2/GS1 peak area ratio in the absence of 
RRF. 

This analysis yields a Kiss of 0.9+0.3 uM and a Kis 
of 12+2 uM (FIG. 23B), revealing that RRF exhibits greater 
than an order of magnitude tighter binding to GS2 over GS1. 
This result is consistent with a clear steric clash between the 
binding positions of RRF and the aminoacyl-end of classi 
cally-bound tRNA at the Psite within GS1 (Barat et al. 2007: 
Borovinskaya et al. 2007: Weixlbaumer et al. 2007: Gao et 
al. 2005; Agrawal et al. 2004; Lancaster et al. 2002). The K 
of RRF binding to vacant ribosomes (i.e. in the absence of 
mRNA or tRNAs) is in the range of 0.2-0.6 uM (Seo et al. 
2004; Kiel et al. 2003: Hirokawa et al. 2002). This is 
consistent with the K for GS2, further demonstrating that 
RRF can interact with the GS2 conformation of the PoTC in 
much the same way as it does with a vacant ribosome. 

To explore the kinetic basis for the RRF-mediated change 
in the GS1 <>GS2 equilibrium, kosos and kos2 -os was 
determined in a low RRF concentration range (0-1.5 LM), 
where substantial corrections for premature truncation of the 
trajectories due to photobleaching are not necessary. Analy 
sis of these data shows that, at RRF concentrations near 
Kos2 kososo remain unchanged while kos2 -csi 
decreases linearly (FIG. 23C). The observation that 
kos is remains unchanged is consistent with the low 
affinity of RRF for GS1. This result further reveals that, at 
low RRF concentrations, RRF neither induces nor inhibits 
the GS1->GS2 transition. Instead, RRF depends upon a 
spontaneous GS1->GS2 transition for access to the GS2 
conformation of the PoTC. The decrease inks is within 

GS2 peak area 
= C1 C GS1 peak area 
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the same RRF concentration range demonstrates that RRF 
binds to GS2 and inhibits GS2->GS1 transitions. The results 

demonstrate that at RRF concentrations near Kos. RRF 
rapidly binds to and dissociates from GS2, with binding 
directly competing with the GS2->GS1 transition. As the 
concentration of RRF increases, repeated RRF binding 
events begin to out-compete the GS2->GS1 transition, thus 
leading to the observed steady decrease in kos s. 
The Kos of 12t2 uM, is consistent with a lack of 

appreciable effect in ksi is at RRF concentrations of 
0-1.5 LM. To assess whether RRF can affect kiss at 
higher concentrations, the 50 uM RRF dataset was examined 
for rare excursions to GS1. Dwell-time analysis of these rare 
events revealed that, at 50 LM RRF, kiss is 1.6-fold 
faster thanks as for free RC2 (0.83+0.06s' versus 
0.52+0.03 s, respectively). Thus, at high enough concen 
trations where substantial binding to GS1 becomes possible, 
RRF modestly promotes the GS1->GS2 transition. Collec 
tively, these results demonstrate that the population of 
PoTCs found in the GS2 conformation can be tuned by 
regulating RRF concentration. 

Example 22 

RF1 Free in Solution Predominantly Populates the 
Closed State 

To determine whether a large-scale conformational 
change of RF1 is involved in allosteric communication 
between the DC and the PTC during termination, a double 
labeled RF1 was constructed for intramolecular smERET 
measurements. Doubly-labeled RF1 yields four easily dis 
tinguished and separable labeling combinations. Two of 
these are Cy3/Cy5 doubly-labeled and generate an indistin 
guishable smFRET signal, the other two are doubly-Cy3 or 
doubly-Cy5 labeled. The doubly-Cy5 labeled molecules are 
non-fluorescent in a smERET experiment and the doubly 
Cy3 labeled molecules are identified by their two-fold 
higher average intensity and two-step photobleaching 
behavior. Using hexa-histidine tagged RF1 (hexahistidine 2 
disclosed as SEQID NO:9) (by omitting proteolytic cleav 
age of the hexa-histidine affinity tag (SEQ ID NO:9) of the 
RF1 construct) and a biotin-conjugated anti-hexa-histidine 
antibody (hexahistidine 2 disclosed as SEQ ID NO:9) 
(Rockland Immunochemicals, Inc.), the doubly-labeled RF1 
was anchored to standard PEG/streptavidin-coated micro 
scope slides and used to collect smFRET data directly 
reporting on the open-closed dynamics of RF1 (FIG. 5 and 
FIG. 12). 

Based on distances measured from crystal structures of 
the closed (Graille et al. 2005; Shin et al. 2004) and open 
(Petry et al. 2005) states of RF1 and the locations of the dyes 
in the doubly-labeled RF1, FRET values of 0.94 and 0.33 
FRET, respectively, were expected. Inspection of individual 
smFRET versus time trajectories (FIG. 12, second row) 
recorded on isolated RF1 reveal one predominant FRET 
value centered at 0.90, fully consistent with the closed 
conformation of RF1. Short-lived unstable fluctuations to 
lower FRET values were observed. This is consistent with 
opening of RF1. A stable population at the expected 0.33 
FRET value consistent with the open conformation of RF1 
was not observed. These experiments demonstrate that, RF1 
exists predominantly in the closed conformation in a free 
Solution and that transitioning to the open conformation(s) 
occurs only transiently. Accordingly, RF1 either (1) initially 
binds to the RC in the closed conformation and undergoes 
the closed-to-open conformational change within the RC 
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(perhaps as part of allosteric signaling between the DC and 
the PTC) or (2) undergoes a spontaneous closed-to-open 
fluctuation in solution that then allows RF1 to bind directly 
to the RC in the open conformation. 

To map the conformational trajectory of RF1 during 
termination, pre-steady state SmFRET experiments are per 
formed where RC is stopped-flow delivered to surface 
immobilized doubly-labeled RF1 (or alternatively, doubly 
labeled RF1 can be delivered to surface-immobilized RC). 
These data provide real-time trajectories of RF1 binding to 
the RC and stop-codon dependent conformational changes. 
These experiments, in combination with the smFRET 
experiments using singly-labeled (Cy5)RF1 variants, can be 
used to further describe the role of RF1 conformational 
dynamics in allosteric signaling between the DC and the 
PTC during termination. 
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SEQUENCE LISTING 

<16 Os NUMBER OF SEO ID NOS: 10 

<21 Os SEQ ID NO 1 
&211s LENGTH: 5 
212s. TYPE: PRT 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
peptide 

<4 OOs SEQUENCE: 1 

Gly Ser Gly Gly Ser 
1. 5 

<21 Os SEQ ID NO 2 
&211s LENGTH: 6 
212s. TYPE RNA 

<213> ORGANISM: Bovine immunodeficiency virus 
22 Os. FEATURE: 

<221s NAMEAKEY: modified base 
<222s. LOCATION: (1) . . (1) 
<223> OTHER INFORMATION: a, c, u, g, unknown or other 
22 Os. FEATURE: 

<221s NAMEAKEY: modified base 
<222s. LOCATION: (4) ... (4) 
<223> OTHER INFORMATION: a, c, u, g, unknown or other 

<4 OOs SEQUENCE: 2 

nugngc 6 

<21 Os SEQ ID NO 3 
&211s LENGTH: 10 
212s. TYPE: PRT 

<213> ORGANISM: Bovine immunodeficiency virus 

<4 OOs SEQUENCE: 3 

Arg Gly. Thir Arg Gly Lys Gly Arg Arg Ile 
1. 5 1O 

<21 Os SEQ ID NO 4 
&211s LENGTH: 10 

212s. TYPE: PRT 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
peptide 
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- Continued 

<4 OOs, SEQUENCE: 4 

Glu Gln Lys Lieu. Ile Ser Glu Glu Asp Lieu. 
1. 5 1O 

<210s, SEQ ID NO 5 
&211s LENGTH: 54 
212. TYPE : RNA 

<213> ORGANISM: Enterobacteria phage T4 

<4 OOs, SEQUENCE: 5 

ggcaac Cullaa aacuulacaca gggcc Cualag gaaauaaaaa ulguluuluaalug lullaaa. 

<210s, SEQ ID NO 6 
&211s LENGTH: 53 
212. TYPE : RNA 

<213> ORGANISM: Enterobacteria phage T4 

<4 OOs, SEQUENCE: 6 

lucua clugclug aacucgculgc acaaaluggcu aaaculgaalug gcaaulua agg auc 

<210s, SEQ ID NO 7 
&211s LENGTH: 23 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
oligonucleotide 

22 Os. FEATURE: 
223s OTHER INFORMATION: 3'-Bilot in 

<4 OO > SEQUENCE: 7 

tgtgtaagtt ttaggttgat ttg 

<210s, SEQ ID NO 8 
&211s LENGTH: 10 
212. TYPE : RNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
oligonucleotide 

<4 OOs, SEQUENCE: 8 

auguullaaac 

<210s, SEQ ID NO 9 
&211s LENGTH: 6 
212. TYPE: PRT 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
6xHis tag 

<4 OOs, SEQUENCE: 9 

His His His His His His 
1. 5 

<210s, SEQ ID NO 10 
&211s LENGTH: 5 

212. TYPE : RNA 

<213> ORGANISM: Bovine immunodeficiency virus 
22 Os. FEATURE: 

<221 > NAMEAKEY: modified base 
<222s. LOCATION: (3) ... (3) 
<223> OTHER INFORMATION: a, c, u, g, unknown or other 
22 Os. FEATURE: 

<221 > NAMEAKEY: modified base 

54 

53 

Synthetic 

23 

Synthetic 

10 

Synthetic 

68 
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- Continued 

<222s. LOCATION: (5) . . (5) 
<223> OTHER INFORMATION: a, c, u, g, 

<4 OOs, SEQUENCE: 10 

gcncin 

The invention claimed is: 
1. A probe comprising a class 1 release factor (RF) 

conjugated to two fluorescent labels. 
2. The probe of claim 1, wherein the class 1 RF is selected 

from the group consisting of RF1, RF2, and eRF 1. 
3. The probe of claim 1, wherein the two fluorescent 

labels are a donor-acceptor pair. 
4. The probe of claim 3, wherein the donor-acceptor pair 

is selected from the group consisting of coumarin 4/cou 
marin 343; 6-carboxyfluorescein/6-carboxy-X-rhodamine; 
5,7-dimethyl-BODIPY75-(4-phenyl-1,3-butadienyl)BO 
DIPY; and Cy3/Cy5. 

5. The probe of claim 1, wherein the fluorescent label 
comprises a fluorescein, a rhodamine, a cyanine, a coumarin, 
or a derivative thereof. 

6. A method of making the class 1 RF conjugated to two 
fluorescent labels of claim 1, the method comprising: 

a) identifying at least two phylogenetically-variable 
amino acids in a class 1 RF sequence; 

b) mapping the phylogenetically-variable amino acids in 
the three-dimensional structure of the class 1 RF: 

c) removing all wildtype cysteine residues; 
d) replacing each of two phylogenetically-variable amino 

acids in an inactive region of the class 1 RF with a 
cysteine residue; and 

e) conjugating two fluorescent labels to the cysteine 
residues; thereby making the class 1 RF conjugated to 
two fluorescent labels of claim 1. 

7. The method of claim 6, wherein the two fluorescent 
labels are a donor-acceptor pair. 

8. The method of claim 7, further comprising: 
F) isolating class 1 RFS conjugated to a donor-acceptor 

pa1r. 
9. The method of claim 8, wherein the isolating is by 

hydrophobic interaction chromatography. 
10. A method of detecting a conformational change in a 

class 1 RF, the method comprising: 
a) providing a reaction mixture comprising an isolated, 

translationally-competent bacterial ribosome complex 
bound to a solid surface; 

b) adding to the reaction mixture a probe comprising the 
class 1 RF conjugated to a donor-acceptor pair of 
fluorescent labels of claim 3; and 

c) measuring fluorescence resonance energy transfer 
(FRET) efficiency between the donor-acceptor pair; 

wherein a shift in FRET efficiency after adding the probe 
indicates a conformational change in the class 1 RF. 

11. The method of claim 10, wherein the donor-acceptor 
pair is Cy3/Cy5. 

12. A method of assaying RF3 activity, the method 
comprising: 

a) providing a reaction mixture comprising an isolated, 
translationally-competent bacterial ribosome complex 
bound to a solid surface; 

b) adding to the reaction mixture a probe comprising a 
class 1 RF conjugated to the donor-acceptor pair of 
fluorescent labels of claim 3: 
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c) adding to the reaction mixture RF3; and 
d) measuring fluorescence resonance energy transfer 

(FRET) efficiency between the donor-acceptor pair by 
imaging the solid Surface; 

wherein a loss in FRET efficiency after adding the RF3 
indicates RF3 activity by indicating release of the class 1 RF 
from the ribosome complex. 

13. A method of assaying RF3 activity, the method 
comprising: 

a) providing a reaction mixture comprising an isolated, 
translationally-competent bacterial ribosome complex 
bound to a solid surface; 

b) adding to the reaction mixture a probe comprising a 
class 1 RF conjugated to the donor-acceptor pair of 
fluorescent labels of claim 3: 

c) adding to the reaction mixture RF3; and 
d) measuring fluorescence resonance energy transfer 

(FRET) efficiency between the donor-acceptor pair by 
imagining the reaction mixture; 

wherein high FRET efficiency after adding the RF3 indicates 
RF3 activity by indicating release of the class 1 RF from the 
ribosome complex. 

14. A method of identifying a compound for reducing 
nonsense-mediated decay of mRNA, the method compris 
1ng: 

a) providing a reaction mixture comprising an isolated, 
translationally-competent bacterial ribosome complex 
bound to a solid surface, wherein the reaction mixture 
comprises an mRNA comprising a premature stop 
codon; 

b) adding to the reaction mixture a candidate compound; 
c) adding to the reaction mixture a probe comprising a 

class 1 RF conjugated to the donor-acceptor pair of 
fluorescent labels of claim 3; and 

d) measuring fluorescence resonance energy transfer 
(FRET) efficiency between the donor-acceptor pair by 
imaging the reaction mixture; 

wherein high FRET efficiency after adding the probe indi 
cates that the candidate compound inhibits binding of the 
class 1 RF to the ribosome complex, thereby identifying a 
compound for reducing nonsense-mediated decay of 
mRNA. 

15. A method of identifying a compound for reducing 
nonsense-mediated decay of mRNA, the method compris 
1ng: 

a) providing a reaction mixture comprising an isolated, 
translationally-competent bacterial ribosome complex 
bound to a solid surface, wherein the reaction mixture 
comprises an mRNA comprising a premature stop 
codon; 

b) adding to the reaction mixture a candidate compound; 
c) adding to the reaction mixture a probe comprising the 

class 1 RF conjugated to a donor-acceptor pair of 
fluorescent labels of claim 3; and 

d) measuring fluorescence resonance energy transfer 
(FRET) efficiency between the donor-acceptor pair by 
imaging the solid Surface; 
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wherein lack of FRET efficiency or transient FRET effi 
ciency after adding the probe indicates that the candidate 
compound inhibits binding of the class 1 RF to the ribosome 
complex, thereby identifying a compound for reducing 
nonsense-mediated decay of mRNA. 

16. A method of identifying a compound for inhibiting 
termination of protein synthesis at a premature stop codon, 
the method comprising: 

a) providing a reaction mixture comprising an isolated, 
translationally-competent bacterial ribosome complex 
bound to a solid surface, wherein the ribosome com 
plex comprises a first fluorescent label, and wherein the 
reaction mixture comprises an mRNA comprising a 
premature stop codon; 

b) adding to the reaction mixture a candidate compound; 
c) adding to the reaction mixture a probe comprising the 

class 1 RF conjugated to a donor-acceptor pair of 
fluorescent labels of claim 3; and 

5 

10 

15 

d) measuring fluorescence resonance energy transfer 20 
(FRET) efficiency between the donor-acceptor pair by 
imaging the reaction mixture; 

wherein high FRET efficiency after adding the probe indi 
cates that the candidate compound inhibits binding of the 

72 
class 1 RF to the ribosome complex, thereby identifying a 
compound for inhibiting termination of protein synthesis at 
a premature stop codon. 

17. A method of identifying a compound for inhibiting 
termination of protein synthesis at a premature stop codon, 
the method comprising: 

a) providing a reaction mixture comprising an isolated, 
translationally-competent bacterial ribosome complex 
bound to a solid surface, wherein the ribosome com 
plex comprises a first fluorescent label, and wherein the 
reaction mixture comprises an mRNA comprising a 
premature stop codon; 

b) adding to the reaction mixture a candidate compound; 
c) adding to the reaction mixture a probe comprising a 

class 1 RF conjugated to the donor-acceptor pair of 
fluorescent labels of claim 3; and 

d) measuring fluorescence resonance energy transfer 
(FRET) efficiency between the donor-acceptor pair by 
imaging the solid Surface; 

wherein lack of FRET efficiency or transient FRET effi 
ciency after adding the probe indicates that the candidate 
compound inhibits binding of the class 1 RF to the ribosome 
complex, thereby identifying a compound for inhibiting 
termination of protein synthesis at a premature stop codon. 

k k k k k 


